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ABSTRACT 
Heat stress (HS) is a physiological condition when animals or humans can no longer 
regulate their internal euthermic temperature.  When livestock and humans are subjected to this 
environmental stress, it can be detrimental to health, well-being and performance, and if severe 
enough even death.  Swine are particularly susceptible to HS, costing the industry millions of 
dollars annually in lost production and carcass quality.  One of the major organs affected by HS 
is the gastrointestinal tract.  Heat stress reduces intestinal function and integrity, increases risk of 
endotoxemia and causes metabolic dysfunction.  Together, these issues antagonize pig 
performance and health.  Therefore, the overall objective of this dissertation was to 
chronologically characterize how a growing pig first perceives and initially copes with a severe 
heat-load.  Additionally, we also determined the involvement of reduced feed intake utilizing a 
thermal neutral pair-fed to HS feed intake model.  Knowing that HS alters intestinal integrity and 
function, this dissertation also assess the ability of an organic zinc source (ZnAA) as a nutritional 
mitigation strategy for HS in pigs.  To address these objectives, the thesis has been organized 
into four research chapters.   
In the first study, (Chapter 2, 24 h of HS), pigs experienced changes in intestinal 
integrity, altered expression of tight junction proteins, increased circulating endotoxin 
concentrations and markers of cellular stress (heat shock and hypoxia response).  Interestingly, 
under HS conditions, glucose transport machinery was also upregulated.  In Chapter 3 (0-6 h of 
HS), pigs exposed to a short duration of HS had increased body temperatures, reduced feed 
intake, changes in neuropeptide hormones, and lighter body weights compared to controls.  
These pigs also had compromised intestinal integrity, which was evident as early on as 2 h HS.  
By 6 h HS, the ileum was more severely affected compared to the colon.  At 12 h HS (Chapter 
xv 
 
 
 
4), the zinc-amino acid complex was able to lower core temperatures but had no other 
phenotypic effects compared to a control diet.  The ZnAA also ameliorated some negative effects 
of HS on the intestine by reducing circulating endotoxin, increasing LPS-binding protein and 
improved metabolic markers (lower plasma urea nitrogen).  Interestingly, many of the negative 
effects on intestinal integrity appear to be similar to that seen due to reduced nutrient intake as 
pair-fed and HS pigs at 12 h had a similar intestinal integrity profile.  On the metabolic and 
oxidative stress side, however, feed intake appears to play less of a role as the intestinal 
proteomic profile appeared to be mainly impacted by HS alone (Chapter 5).  Many of the 
proteins identified were involved in the cellular stress response, metabolism, and oxidative 
stress.  In conclusion, heat stress directly and indirectly (via reduced feed intake) affects post-
absorptive metabolism and intestinal integrity and both variables probably contribute to 
decreased growth parameters in young pigs. 
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CHAPTER 1 
LITERATURE REVIEW 
Introduction 
The health and homeostasis of the gastrointestinal tract of both humans and livestock 
species is affected by multiple disease states, environmental, and genetic factors.  These 
aforementioned factors predispose mammals to physiological, metabolic, or immunological 
stresses.  Collectively, these stresses can lead to reductions in wellbeing, work and physical 
performance (humans), growth, reproduction and lactation performance (livestock), chronic 
illness, or ultimately death if severe and prolonged.  Certain types of stressors such as hypoxia, 
inflammation, and oxidative stress are particularly elicited by environmental hyperthermia.  
Environmental heat stress (HS) can adversely affect both humans (Basu, 2009; Kosatsky, 2005; 
Lambert, 2004; Leon and Helwig, 2010) and animals (Bernabucci et al., 2010; Bouchama et al., 
2007; Chauhan et al., 2014; Pearce et al., 2013a).  Economically, it has been estimated that HS 
costs global animal agriculture billions of dollars per year, and the U.S. swine industry over $300 
million annually (St-Pierre et al., 2003).  Further, this may also negatively impact human 
productivity, especially in outdoor workers in agriculture or industry (Lundgren et al., 2013).   
Physiologically, the intestine is highly sensitive to HS in most species.  Heat-stressed 
animals redistribute blood to the periphery in an attempt to maximize radiant heat dissipation, 
while vasoconstriction occurs in the gastrointestinal tract, which aids in reprioritization of blood 
flow (Lambert, 2008).  The reduced blood and nutrient flow to the intestinal epithelium 
compromises integrity of the intestinal barrier (Yan et al., 2006).  Tight junction protein 
complexes in the intestine are necessary for normal barrier function and integrity, and alterations 
in these proteins and their interaction with one another are implicated in certain types of stress 
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(including HS), which can lead to increased intestinal permeability and reduced integrity.  This 
enhanced permeability can elevate pathogen loads and endotoxemia, which can antagonize 
anabolic processes and lead to multi-organ system failure (Hall et al., 2001).  This literature 
review will provide background information on HS pathophysiology in general, and then further 
narrow in on HS effects on gastrointestinal integrity, metabolism, and potential mitigation 
strategies.  
 
Human and Livestock Concerns with Heat Stress 
Certain segments of the population are at a higher risk for heat stress due to working 
conditions, age, or predisposing health conditions.  Athletes, soldiers, the elderly, firefighters, 
agricultural workers, diabetics, and children are at a higher risk for heat-related illnesses.  In 
2003, nearly 15,000 people died during a two-week heat wave in France (Kovats and Ebi, 2006), 
and overall it is estimated that 50,000 Europeans died during the same heat-wave (Kosatsky, 
2005; Patz, 2005).  In 2006, there was a spike in heat-related deaths in the US as it was the 
second-hottest year on record in the contiguous United States (EPA, 2014).  More recently, 
11,000 people died in Moscow, Russia during the months of July and August 2010 (Barriopedro 
et al., 2011), but total numbers of deaths throughout the country were much higher during that 
time.  High temperatures alone can be deadly, but in many areas, high humidity also contributes 
significantly to elevated heat indices which incorporates both ambient air temperature and 
relative humidity in order to produce an index of how hot it feels (Parsons, 1995).    
Secondary health issues related to HS (especially if untreated) can cause a variety of 
serious health problems including cardiac failure and central nervous system damage (Caspani et 
al., 2004).  No standard definition or effective treatment exists for heat-stressed patients, so 
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methods of alleviating this condition are aimed primarily at prevention.  Interestingly, many 
symptoms of whole body sepsis are mimicked in the heat stroke pathology, likely implicating the 
gastrointestinal tract as a major cause of heat-related illness and mortality (Rowlands et al., 
1999).   
Within the health care community, there are inconsistencies in diagnosing heat-related 
illness because no current definition of heat-related mortality exists (Ostro et al., 2009).  
Therefore, on many death certificates the cause of death may not be listed as “heat-related”.  For 
example, post-hoc studies of the 1995 Chicago heat wave suggest that there were many more 
deaths directly related to this heat wave than what was actually reported (EPA, 2014).  This type 
of miss identification causes confounding variables in epidemiological studies designed to 
evaluate weather-related mortality, as death may be listed as cardiovascular disease or cerebral 
damage when the underlying cause of death is HS (Basu, 2009).   
Like humans, livestock and animal agriculture are also highly susceptible to HS.  Annual 
economic losses to global animal agriculture due to HS surpass billions of dollars.  In the United 
States, summer-induced decreased production is well documented in every aspect of animal 
agriculture.  Nationally, the swine industry loses $113 million for sows and $202 million for 
growing-finishing swine.  These numbers combined add up to over $300 million each year lost 
due to heat stress (St-Pierre et al., 2003).  The fiscal losses are still observed despite recent 
advances in cooling systems, barn management, and other heat abatement strategies.  Mortality is 
a major issue for livestock producers, especially during heat waves.  The heat wave of North 
Carolina in 2011 killed 50,000 broiler chickens at one farm alone, and in Kansas another farm 
lost 4,300 Turkeys (Hegeman, 2011).     
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Importantly, temperature is not the only factor involved with heat stress.  Temperature 
humidity index (THI) combines both air temperature and relative humidity as a way to determine 
what the perceived temperature is.  With a maximum THI in July of 80.2°F, including an average 
of 70% relative humidity, animals are at risk for severe heat exposure.  This was evident in July 
1995, where approximately 4,000 head of feedlot cattle died over a 24-hour period and again 
during the summer of 2011; Iowa cattle producers lost more than 4,000 head of cattle due to 
extreme heat (Minchillo, 2011).   
Due to the warm and humid summers, Iowa and other Midwest states are prone to HS.  
This has implications particularly for Iowa’s livestock and its larger population of pigs (sows and 
grow-finisher).  In 2003, Iowa had a monthly inventory of over 8 million finishing swine and 
over 800,000 sows (St-Pierre et al., 2003).  Currently, Iowa has 19.8 million finishing hogs and 
breeding sows (USDA, 2014).  Iowa also has the largest number of farrowing’s in the country 
and HS causes a loss due to 5.2 additional days open (not with piglet) annually.  This equates to 
a state economic losses of almost $5 million combined for both sows and finishing hogs due to 
HS alone.   
Aside from mortality, there are several other undesirable effects on animal agriculture.  In 
multiple species including swine (Spencer et al., 2005), cattle (Mitlohner et al., 2002), rabbits 
(Zeferino et al., 2013) and poultry (Lu et al., 2007; Zhang et al., 2012), meat quality 
characteristics are altered during HS (Chauhan et al., 2014).  Some of these changes include, but 
are not limited to: changes in meat color, lower carcass and organ weights, increased lipid 
oxidation, and changes in fat depots (Toghyani et al., 2012).  Additionally, HS suppresses feed 
intake (FI) and growth rates of livestock.  In the short term, both FI and body weight (BW) losses 
can be quite dramatic.  In growing pigs, 24 h of HS caused a 50% reduction in FI and BW loss of 
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almost 3 kg (Pearce et al., 2013a).  Pigs reared at 33°C lost almost 1 kg BW over a 6 day period 
and FI was reduced by 300 g (Collin, 2001).  In a longer-term study, pigs heat-stressed at 32°C 
for three weeks had a reduction in FI of 771 g which equated to a 32% decrease (Renaudeau et 
al., 2013).  In a diurnal pattern of HS (27-37°C) finishing pigs had a reduction in average daily 
gain (ADG; 0.87 kg to 0.58 kg) and a 26% reduction in FI over a 28-d period (Song et al., 2011).  
In growing steers, a 9-d diurnal HS period (29.4-40.0°C) caused a 0.4 kg/d DMI decrease 
accompanied by a lower ADG (1.2 kg/d compared to 0.1 kg/d; O'Brien et al., 2010).  In lactating 
cows, diurnal HS caused approximately a 28% decrease in DMI and a decrease in milk yield 
(Wheelock et al., 2010). 
Food safety is also an important issue for animal agriculture as well as human 
populations and can be impacted by HS.  In poultry, the food safety issue is mainly based upon 
egg production, as poultry are susceptible to colonization in the GI tract by Salmonella and 
Campylobacter bacterial strains.  However, colonization may be increased during HS, with 
mechanisms including increased fecal shedding as well as increased horizontal transmission.  
Distribution of these pathogens, as well as E. coli O157:H7, is major public health and economic 
concern for the food industry and food safety (Ferens and Hovde, 2011).    
 
Environmental Stress 
Critical temperature zones and hyperthermia 
Environmental stressors can be defined as stressors that are found in the surrounding 
environment that are not related to genetics.  These include drought, cold stress, HS, pollution, 
noise, health challenges and natural disasters among others.  In the context of this review we will 
focus on high ambient temperature related stress.  
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The thermal neutral zone of an animal is essentially its temperature tolerance range for 
optimal metabolic and physical function (Figure 1.1).  Within this zone, basal heat production is 
at equilibrium with the rate of heat loss to the environment.  Below this range, an animal beyond 
its lower critical temperature (LCT) occurs when ambient temperatures decrease.  Once below its 
LCT, metabolic rates and thermogenesis increase to maintain heat production.  In most livestock, 
this is also accompanied by increased voluntary feed intake (Figure 1.1).  Failure of these 
mechanisms to increase an animal’s core temperature leads to hypothermia.  Conversely, if an 
animal goes beyond its upper critical temperature (UCT) this can lead to hyperthermia, heat 
stress and heat stroke.  This is often caused when ambient temperatures or heat indices are high 
and the rate of heat gain and production is higher than the rate of heat dissipation (Collier, 2012).  
This can result in reduced feed intake and growth (Figure 1.1).   
Hyperthermia is defined as an elevated body temperature due to failed thermoregulation.  
During hyperthermia, core body temperature increases due to an inability to dissipate heat 
(Fuquay, 1981).  This can be caused by external forces (e.g. burns, or high ambient temperatures) 
or internally (e.g. fever or malignant hyperthermia).  Heat stress is a broad range of conditions, 
which are associated with varying severities of hyperthermia.  In humans the severity of HS can 
be described by varying categories of heat-related illnesses.  The most severe form of heat-
related illness is heat stroke.  Heat-stroke is defined as a core temperature (in humans) above 
40°C.  This is the stage that is most likely to cause mortality, likely due to multi-organ failure.  
In one clinical heat-stroke study, overall mortality rates were 70% and even higher (85%) in 
those with multi-organ dysfunction (Varghese et al., 2005).   
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Figure 1.1. Thermal neutral range of grow-finish pigs and effects of cold and heat stress on 
production parameters (Coffey R.D., 1995).  
 
Thermal tolerance and heat transfer 
Thermal stress encompasses both cold (hypothermia) and heat (hyperthermia) stress.  
Under normal physiological conditions, metabolic heat production due to muscle contractions, 
biochemical reactions, ion pump activity and digestion is offset by the body’s ability to dissipate 
heat by radiation, convection and conduction (Mount, 1978).  Heat is transferred to the 
atmosphere when ambient temperatures are below normal body temperature (i.e. a temperature 
gradient exists).  However, when ambient temperatures exceed the body’s thermal-neutral zone 
(i.e. a reverse energy gradient), the only effective heat-loss mechanism is evaporative cooling via 
sweating or respiration (Mount, 1978). Figure 1.2 demonstrates the various methods of heat gain 
and heat loss.   
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Figure 1.2. Increments of heat gain and heat loss in animals (Fuquay, 1981). 
Heat can be absorbed from the environment (via conduction, convection, or radiation) or 
generated metabolically due to increased growth, feeding, digestion, lactation, and other 
parameters such as thermogenesis (shivering and energy uncoupling).  On the other hand, heat 
can be removed from the body (via radiation, conduction, convection, or evaporation) by means 
of urination, sweating, panting, defecation, or milk loss.  These increments of heat gain/loss are 
balanced within an animal to maintain euthermia (optimal temperature range between LCT and 
UCT) (Fuquay, 1981).  Hypothermia and hyperthermia occur when the body can no longer 
maintain thermoregulatory homeostasis (euthermia) and this may change with age, health status, 
and weight, among other factors.   
Species differences in heat transfer 
There are several species differences in heat transfer mechanisms, especially in terms of 
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heat loss.  In pigs, sheep, rodents, and dogs, panting is the major mechanism by which heat is 
dissipated.  Panting increases respiration rate and decreases tidal volume, which increases 
ventilation and evaporation in the oral cavity and esophagus (Hales and Webster, 1967).  Other 
mammals such as horses and humans rely predominantly on evaporation via sweating for cooling 
the core temperature (Fuller et al., 2000).  Sweating is a more effective mechanism of heat 
dissipation compared to panting because panting requires muscle contraction, which in itself 
produces heat (Fuller et al., 2000).  This has implications for certain species and their 
susceptibility to heat stress.  Specifically, pigs have little to no functional sweat glands which 
means they rely almost entirely on panting for heat dissipation (Fuquay, 1981).  Additionally, 
swine have an increased metabolic rate due to genetic selection for lean growth, and possess a 
substantial layer of subcutaneous adipose tissue, which acts as insulation (O'Hea and Leveille, 
1968).  Collectively, pigs have a high heat production and greater capacity to store heat, even 
under thermal neutral conditions.  These mechanisms may help partly explain why pigs may be 
more susceptible to heat stress compared to other species (Patience et al., 2005).   
Pathophysiology of Heat Stress and Heat Stroke 
Pathophysiology of heat stroke has been attributed to a few main factors.  First, heat is 
toxic to cells and can cause proteins to denature and undergo apoptosis or programmed cell death 
(Gao et al., 2013).  Second, with most species, HS is associated with an increase in circulating 
pro-inflammatory cytokines, leading to inflammation (Leon, 2007; Leon et al., 2006).  Third, 
heat can injure vascular endothelium (Lugo-Amador et al., 2004).  Symptoms of environmental 
hyperthermia include nausea, headaches, low blood pressure, fainting, dizziness, sweating, thirst, 
hyperventilation, thrombosis (blood clot formation), and endotoxemia, among others (Aggarwal 
et al., 2008; Leon, 2007).  These symptoms can range from occurring very short term, to several 
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long-term changes (up to a year).  Long-term symptoms of HS can be caused by systemic 
inflammatory response syndrome (SIRS), which is a whole-body inflammatory state.  An 
increase in core body temperature can decrease splanchnic blood flow to facilitate dissipation of 
heat while leading to increased gut permeability and an inflammatory response.  This, along with 
the inflammatory effects on the nervous system, can lead to multi-organ failure and death (Leon 
and Helwig, 2010). 
Mammals and avian species have a multitude of mechanisms that allow them to 
acclimate or adapt to conditions such as heat, hypoxia, oxidative stress, and inflammation.  Many 
of these mechanisms are common to other environmental stresses such as bacterial infection and 
metabolic stress.  Two main mechanisms are generally thought to be activated to counteract the 
negative effects of heat exposure; one being the heat shock response and the other being heat 
acclimation (Horowitz, 2002).  According to the International Commission for Thermal 
Physiology, there are multiple terms to describe the various ways mammals respond to heat 
(Table 1.1).  
Table 1.1. Various ways mammals respond to heat 
Term Definition 
Acclimation  “Physiological or behavioral changes occurring within the lifetime of an 
organism, which reduce the strain or enhance strain endurance” 
Acclimatization “Physiological or behavioral changes occurring within the lifetime of an 
organism in response to changes in its natural climate (e.g. seasonal or 
geographical)” 
Adaptation “Changes that reduce the physiological strain produced by stressful 
components of the total environment. This change may occur within an 
organism’s lifetime (phenotypic) or be the result of genetic selection in 
a species or subspecies (genotypic).   
Adapted from (Bernabucci et al., 2010) 
 
Regardless of environment, acclimation involves changes in hormones including 
epinephrine, leptin, prolactin, glucocorticoids, thyroid hormones, and somatotropin among others 
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in order to maintain health (Bernabucci et al., 2010).  Timing of thermal acclimation can range 
from days to weeks, whereas homeostatic mechanisms generally take minutes to hours.  
Acclimation on a long-term scale has recently been proposed as a homeorhetic mechanism 
(Collier et al., 2008).  Homeorhesis is: “the orchestrated or coordinated changes in metabolism of 
body tissues necessary to support a dominant physiological state” (Bauman and Currie, 1980).  It 
is thought that acclimation may be homeorhetic because it alters set points of certain homeostatic 
mechanisms.  Although acclimation to HS may take as little as a few days to take effect, the 
long-term effects may still negatively alter one’s health status.  These consequences may include 
illness, mortality, changes in gut microbiota, reduced feed intake, increased susceptibility to 
secondary infections and diseases (Bernabucci et al., 2010).   
Heat shock response 
Heat stress evokes a rapid heat shock response involving the activation of heat shock 
proteins (HSP).  Heat shock proteins are a large family of stress proteins that are highly 
conserved across species and are aptly named according to their molecular weight.  Their sizes 
and functions cover a wide range, but they generally serve as molecular chaperones or stabilizers 
of protein denaturation.  These proteins can be increased due to heat, hypoxia, oxidative, and 
nutritional stress.  Their activity is prevalent within several hours of the onset of severe stress 
and lasts for a few days (Horowitz, 2002).  Expression of these proteins is mediated by activation 
of heat shock factor 1 (HSF 1).  Heat shock factor 1 is a transcription factor, which binds to heat 
shock elements (HSEs) and initiates transcription of several heat shock genes (Singh and 
Hasday, 2013). 
One of the major inducible HSP family members is HSP70-72 kDa, which participates in 
protein folding, ubiquination, renaturing proteins, and providing protection during times of 
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cellular stress (Petrof et al., 2004).  Heat shock protein 70 has also been shown to regulate toll-
like receptor (TLR)-4 signaling at the level of the intestine by targeting TLR-4 for degradation 
and subsequently diminishing the immune response (Afrazi et al., 2012).  Another important 
HSP include HSP 25/27, which is involved in thermal tolerance and protein ubiquitination 
(which targets proteins for degradation).  Heat Shock Protein 25/27 is also an inducible protein, 
which helps maintain cytoskeletal structure, and protects cell architecture during stress (Petrof et 
al., 2004).  Studies in renal epithelial cells have shown that HSP 25/27 co-localizes with proteins 
in the actin cytoskeleton (Van Why et al., 2003).  In the intestine, HSP 70 and HSP 25/27 are 
integral in protecting the mucosal barrier under both normal physiologic, pathophysiological and 
stressful conditions.  These are most abundant in the lower small intestine as well as stomach and 
large intestine (Petrof et al., 2004).  
Most of the biological function of HSPs occur in the cytosol.  However, HSPs are also 
found extracellularly and in the mitochondria (Grubbs et al., 2013).  Traditionally HSPs were 
thought to be located exclusively in intracellular compartments of the cell.  However, a little over 
10 years ago researchers showed that HSP 70 was released into circulation after tissue necrosis 
and was involved in the immune response (Basu et al., 2000).  Other HSPs such as HSP A5, HSP 
A9, HSP 60 and HSP 90 have also been found in extracellular spaces (De Maio and Vazquez, 
2013).   Export of HSPs from the cell may primarily be a result of necrosis, or by a secondary 
type of unconventional secretory, active transport mechanism, or lysosome-endosome pathway 
(Nickel and Seedorf, 2008).  However, the mechanism by which HSPs are exported remains 
unclear and needs further investigation.  Several clinical conditions demonstrate an increase in 
HSP 70 in circulation.  Among these conditions are cancer, aging, diabetes, trauma, and infection 
(Baker et al., 2012; Njemini et al., 2011).  
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Hypoxia and heat stress 
Heat stress induces hypoxia in visceral organs due to changes in blood flow and oxygen 
supply (Hall et al., 1999).  Hypoxia is a condition within the body where the body is deprived of 
adequate oxygen supply.  The master regulators of the hypoxic response in cells and tissues are 
the hypoxia inducible factor (HIF) regulatory subunits HIF-1α and HIF-2α.  These are 
transcription factors regulated by oxygen-sensing prolyl hydroxylases (PHD) (Eltzschig and 
Carmeliet, 2011).  Both HIFs activate hypoxia-related genes in a similar manner, however most 
studies emphasize HIF-1α as being most important in gene transcription in response to hypoxia 
and HIF-2α is important for endothelial cells (Loboda et al., 2010). 
When oxygen is readily available, HIF-1α subunits are hydroxylated which causes them 
to be marked for degradation.  During hypoxic stress, the activity of PHD is reduced and HIF-1α 
is stabilized, allowing it to act as a transcription factor for many genes involved in adaptive and 
survival functions (Majmundar et al., 2010).  Over 100 genes are regulated by HIF-1α, including 
genes involved in erythropoiesis and iron-metabolism in order to increase delivery of oxygen to 
tissues (Ke and Costa, 2006).  Angiogenesis is also upregulated by HIFs, specifically 
upregulation of vascular endothelial cell growth factor (VEGF), which is important for 
endothelial cell recruitment to hypoxic/avascular areas (Greer et al., 2012).  During hypoxia, 
cells divert glucose metabolism to anaerobic glycolysis and this allows cells to increase ATP 
generation by increasing glucose uptake.  Therefore, HIF’s transcribe many glycolytic genes, as 
well as genes for glucose transporters (Ke and Costa, 2006).  Genes involved in cell proliferation 
and survival are also increased such as insulin-like growth factor-2 and transforming growth 
factor- α as well as MAPK and PI3K pathways (Semenza, 2007).  Conversely, apoptosis can also 
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be increased due to hypoxia.  This involves activation of several caspases and release of 
cytochrome c.   
Several conditions have been shown to increase expression of HIF’s including ischemia, 
cancer, kidney disease, and inflammation, among others (Semenza, 2007) and most of these 
involve negative consequences of HIF overexpression.  However, stabilization of HIF during 
intestinal ischemia or inflammation increases adenosine signaling pathways, which promotes 
restitution and wound healing (Grenz et al., 2012).  
Oxidative stress and heat stress 
Reactive oxygen species (ROS) such as superoxide anion (O2-), hydrogen peroxide 
(H2O2), and hydroxyl radical (HO•) are produced during normal cellular metabolism, however 
during times of excessive ROS production, they can modify lipids, protein and DNA (Figure 
1.3).  Excessive ROS production is often termed “oxidative stress” and this can contribute to 
many types of pathological conditions (Ray et al., 2012).  Mitochondria serve as an important 
source of ROS via the leaking or uncoupling of electrons from the electron transport chain.  
These free electrons then bind to molecular oxygen (O2) to form superoxide (O2•−), which is 
produced by reduction.  These ROS bind to lipids, proteins and DNA and can damage the 
mitochondria themselves, or other organelles within the cell (Murphy, 2009).  Under normal 
circumstances, ROS are quickly dismutated by mitochondrial superoxide dismutase (Mn-SOD) 
to form H2O2.  Mitochondrial electron leakage has been associated with the aging process, as 
well as several diseases including Parkinson’s (Liu et al., 2002).  In livestock, ROS production 
from the mitochondria has been shown to increase skeletal muscle protein degradation and 
reduced feed efficiency (Bottje et al., 2009; Grubbs et al., 2013).  We have previously shown HS 
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to decrease glutathione (GSH), increase 4-hydroxynonenol and 3-methyl histidine in pig 
intestines and muscle (Pearce et al., 2013a; Pearce et al., 2013b). 
Antioxidants serve to combat the effects of ROS and maintain homeostatic redox balance 
within the body.  Some major antioxidants of interest are various forms of superoxide dismutase 
(SOD), catalase, glutathione peroxidase (GSH-Px), glutathione transferase (GST), and heme 
oxygenase-1 (HO-1).  These are all enzymes produced naturally in the body to scavenge free 
radicals (Carocho and Ferreira, 2013).  Some external or non-enzymatic sources of antioxidants 
include vitamin A, vitamin C, vitamin E, glutathione, and β-carotene. 
 
Figure. 1.3. Overview of the reactions leading to the formation of ROS.  (Carocho and Ferreira, 
2013). 
Acute phase response, inflammation and heat stress 
Heat-stressed humans and livestock are prone to an increased acute phase and 
inflammatory response (Table 1.2).  The acute phase response (APR) is an important part of the 
innate immune response and serves to initiate the early stages of the acquired/adaptive immune 
response as well (Cray et al., 2009).  Acute phase proteins (APP) are found in the blood and are 
produced by liver hepatocytes in response to the production of pro-inflammatory cytokines (e.g. 
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interleukin (IL) -1β, IL-8, IL-6, and tumor necrosis factor-α (TNF-α).  Several cell types 
including can produce cytokines.  These include macrophages, B cells, T cells, mast cells and 
others.  There are at least 15 different known cytokines secreted by leukocytes and the three 
main groups of cytokines can be broken down into pro-inflammatory, anti-inflammatory, and 
positive/negative growth factors for cells.  Adipose tissue has also been shown to be a central 
player in the inflammatory state as adipocytes secrete cytokines (Fain, 2006).  These cytokines, 
along with nitric oxide (NO) and stress response glucocorticoids can activate the acute phase 
protein response (Gruys et al., 2005).   
Local inflammation is the body’s reaction to tissue injury that is often caused by an 
infection, but inflammation may also be independent of infection.  The innate and adaptive 
immune systems function to protect against disease by recognizing the presence of a pathogen 
(virus, bacteria, fungi), containing or eliminating the infection, immune self-regulation, and in 
the case of adaptive immunity, developing immunological memory to increase resistance during 
future infections (Dempsey et al., 2003).  Pathogens must first pass through physical and 
chemical barriers before activating the immune response.  The innate immune system is activated 
first and is fast-acting (hours) while the adaptive response takes multiple days but is more 
effective at clearing pathogens.   
White blood cells, also known as leukocytes, originate in bone marrow and are a 
primarily part of the immune response.  The two main categories of white blood cells are of 
lymphoid and myeloid lineages.  Cells of the adaptive immune response such as B cells, T, cells 
and innate immune system natural killer (NK) cells arise from lymphoid cells while other cells of 
the innate response such as dendritic cells, neutrophils, eosinophils, basophils, mast cells, and 
monocytes/macrophages arise from myeloid lineage.  Dendritic cells are responsible for antigen 
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uptake and antigen presentation while macrophages and neutrophils help with phagocytosis.  
Eosinophils are activated during parasitic infections and mast cells release histamine and active 
agents.  Neutrophils are the most numerous and most important cells involved in innate 
immunity and are considered “first responders” of the immune response.   
The primary sites of innate immune function in the body are located in lymphoid tissues 
such as the thymus, lymph nodes, spleen, and mucosal lymphoid system of the gastrointestinal 
tract.  The skin and mucosal lining of the intestine and respiratory systems are the first to 
encounter pathogens and maintain physical and chemical barriers against invaders.  If pathogens 
overcome these initial obstacles, cells of the innate immune system respond.   
The APP, serum amyloid A, haptoglobin, α-1 acid glycoprotein are all considered 
positive acute phase reactants (Eckersall and Bell, 2010).  C-reactive protein (CRP) is also a 
common marker of the positive acute phase reactants.  C-reactive proteins act as opsonins by 
binding residues and polysaccharides on surfaces of bacteria, parasites and fungi to activate 
complement and phagocytosis.  Negative reactants of the APR include transthyretin, retinol 
binding protein, albumin, transferrin, as well as iron (Fe), zinc (Zn), and calcium (Ca).  These 
negative APP are all decreased, indicating a temporary increase availability of hormones that are 
normally bound to these transport proteins (Gruys et al., 2005).  Heat stress in pigs has been 
shown to increase haptoglobin concentrations in blood (Pearce et al., 2013b; Song et al., 2011).   
 In human heat stroke, concentrations of circulating cytokines are increased.  Several pro- 
and anti-inflammatory cytokines are elevated in heat-stroke patients.  The most common of these 
cytokines are IL-1B, IL-6, interferon-γ, and TNF-α.  However, it is interesting to note that most 
examination of human patients occurs at end stages of the disorder or after cooling has occurred, 
so characterization of the early stages of the cytokine response are poorly understood in humans 
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at this time (Leon, 2007).  Circulating lymphocytes are increased during heat stress as well as 
NK cells and T-cell numbers (Mitchell et al., 2002).  In poultry, after one week of heat stress T-
cell proliferation and B-cell proliferation were decreased in both cyclical and constant HS 
conditions.  Over a four-week period, total white blood cell count (WBC) was increased during 
cyclical HS but decreased during constant heat stress.  The heterophil/lymphocyte ratio was 
increased while antibody titers were decreased (Mashaly et al., 2004).  
Table 1.2. Effects of heat stress on immune function in varying environmental 
conditions Species Measure Change Reference 
Humans Plasma IL-6 Increase 1, 9 
Humans Plasma TNF-α Increase 1 
Humans Il-1 α, Il-1β, IFN-γ Increase 9,10 
Dairy Cows  Serum IL-2 Acute Decrease 2 
Dairy Cows Serum IFN-α Decrease 2 
Rats Plasma IFN-γ, IL-2, IL-4, Il-10 Increase 3 
Pigs Tissue IL-8 Acute Increase  4 
Pigs Tissue Myeloperoxidase Increase 4 
Broilers Macrophage Activity No Change 5 
Mice Hypothalamic Il-1β Increase 6 
Baboons Circulating IL-6 Increase 7 
Baboons Circulating C3, C4 Decrease 7 
Rats Serum TNF-α Increase 8 
 
 1. (Starkie et al., 2005) 
2. (Liu et al., 2013) 
3. (Liu et al., 2012) 
4. (Pearce et al., 2013b) 
5. (Quinteiro-Filho et al., 2012) 
6. (Biedenkapp and Leon, 2013) 
7. (Bouchama et al., 2007) 
8. (Kluger et al., 1997) 
9. (Bouchama et al., 1993) 
10. (Bouchama et al., 1991) 
 
Metabolism and stress 
Metabolism is a series of coordinated enzymatic reactions that allow organisms to 
prioritize energy (ATP) production, grow and reproduce (Baumgard and Rhoads, 2011).  
Metabolism consists of both catabolism (break down) and anabolism (constructing new 
molecules).  Under stress, basic strategies of catabolic metabolism are involved in the generation 
of ATP (energy), to generate reducing power, as well as generating building blocks for 
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biosynthesis.  The universal currency of energy is ATP, which has high phosphoryl-transfer 
potential and hydrolysis of ATP drives reactions forward.  It is generated from the oxidation of 
various fuel molecules (Holzer, 1970).  In humans the most important metabolic pathways are: 
glycolysis, citric acid cycle, oxidative phosphorylation, pentose phosphate pathway, urea cycle, 
fatty acid β-oxidation, and gluconeogenesis.   
In the 1920’s, Otto Warburg discovered that cancer cells metabolize glucose via 
glycolysis even under normoxic conditions (Upadhyay et al., 2013).  Various cell types including 
cancer and dendritic cells have been shown to undergo the Warburg effect, whereby cells shift 
from oxidative metabolism to glycolytic metabolism.  This occurs for a number of reasons; 
although glycolysis only produces 2 ATP per cycle it is much quicker and more efficient to 
produce ATP in this manner.  The idea is to produce ATP quickly to meet the energy demands of 
the cell (O'Neill, 2011). 
In tumor cells, this shift in metabolism is made possible by induction of HIF-1α, which as 
a transcription factor promotes transcription of many glycolytic genes.  This same response may 
be possible in response to lipopolysaccharide (LPS), as LPS has also been shown to stabilize 
HIF-1α, and increase gene transcription (Wen et al., 2012).  Toll like receptor agonists and LPS 
activate a metabolic switch to glycolysis in dendritic cells via the PI3K/Akt pathway (Krawczyk 
et al., 2010).  
Heat stress has been shown to alter metabolism in several different species. Despite 
marked reductions in nutrient intake and BW loss, heat-stressed ruminants have increased basal 
and circulating insulin concentrations (O'Brien et al., 2010; Wheelock et al., 2010), while failing 
to mobilize adipose tissue triglycerides despite being in a hypercatabolic state (Bobek et al., 
1997; O'Brien et al., 2010; Rhoads et al., 2009; Shwartz et al., 2009).  This is intriguing because 
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insulin is a potent anabolic signal that is typically down regulated under catabolic conditions.  
Heat-stressed animals are thought to be in a catabolic state as epinephrine and cortisol are both 
typically increased during HS (Rhoads et al., 2009; Wheelock et al., 2010).  Changes in blood 
glucose vary depending on species, as well as timing and severity of HS.  However, it appears as 
though blood glucose is increased acutely, and then over time as feed intake decreases, as do 
circulating glucose concentrations.  Circulating glucose concentrations have been shown to 
decrease in heat-stressed pigs (Becker et al., 1992) and cows (Shwartz et al., 2009).  However, 
other studies in poultry (Bobek et al., 1997), rabbits (Marder et al., 1990), and pigs (Prunier et 
al., 1997) have shown increases in circulating glucose levels during HS.  Heat-stressed pigs also 
have increased circulating triglycerides and cholesterol (Christon, 1988; Attia et al., 2009; Pearce 
et al., 2013).   
 
General Gastrointestinal Physiology 
The monogastric intestinal tract includes the stomach, small, and large intestines.  This 
gastrointestinal tract (GIT) functions to digest and absorb nutrients as well as maintains 
immunity and barrier function (Burkey et al., 2009).  The GIT contains an epithelial barrier, 
which normally prevents passage of unwanted luminal contents while allowing passage of ions, 
nutrients, and water (Yu et al., 2010).  The two ways which this occurs are transcellular and 
paracellular transport.  Transcellular transport is primarily powered by ATP hydrolysis, while 
paracellular transport involves passive diffusion (Tidball, 1971).  The regulation of passive 
diffusion depends on the ability of tight junctions to allow only beneficial molecules to cross, 
while preventing harmful molecules such as pathogens and bacteria (Blikslager et al., 2007).  
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Nutrient transport 
The three major macronutrients (carbohydrates, fatty acids, and amino acids) are 
transported in and out of the intestine by different mechanisms and transporters.  Animal cells 
can only transport carbohydrates in the form of monosaccharides so complex sugars must first be 
broken down.  A major polysaccharide, starch is digested first by α-amylase, which is secreted in 
either saliva, or by the pancreas and it targets the α-1,4 bonds of amylose and amylopectin.  
Products of starch digestion include maltotriose, as well as maltose, and glucose.  At the lumen, 
disaccharides are hydrolyzed by the brush border enzymes lactase, sucrase, and maltase to create 
monosaccharides, however both luminal and brush border hydrolysis are important aspects of 
digestion.   
End products of digestion are hydrophilic and thus specific transporters are needed to 
translocate them across enterocyte plasma membranes and into circulation.  Glucose and 
galactose are transported across the apical membrane of enterocytes in the small intestine via the 
apical Na+/glucose co-transporter (SGLT1), while fructose is transported by glucose transporter 
(GLUT) 5 (Shirazi-Beechey et al., 2011).  Two sodium ions enter the enterocyte with each 
glucose molecule and are pumped across the basolateral membrane by the N+/K+ ATPase pump. 
Intracellular glucose then exits across the basolateral membrane into circulation via GLUT 2 
facilitated transport or indirectly by transport of glucose-6-phosphate into intracellular vesicles 
and subsequent exocytosis (Shirazi-Beechey, 1995).   
  Dietary proteins are transported similarly to sugars in that they are broken down into 
amino acids and smaller peptides, both of which depend on active and passive transport across 
the intestinal epithelium (Spencer, 1969).  Sodium-dependent transporters aid in moving amino 
acids across the apical membrane specific for acidic, neutral, and basic amino acids.  The 
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basolateral side of the enterocyte also contains transporters to move amino acids into the blood 
stream (Silk et al., 1985).  The primary route of di- and tri-peptide absorption is through co-
transport with H+ by the peptide transporter PepT1, which is located only on the apical 
membrane of enterocytes (Daniel, 2004).  Peptides are coupled to H+ and transported into the 
intestinal cell and then H+ is pumped back into the intestinal lumen in exchange for Na+.  Due to 
the excess Na+, the Na+/K+ ATPase pumps Na+ out of the cell in exchange for K+ across the 
basolateral membrane.   
Approximately 80% of proteins are part of the brush-border peptide transport system (via 
PepT1), while 20% are part of the brush-border amino-acid transport systems (Ganapathy V., 
2006).  Amino acid transport is more complex than protein transport as there are multiple 
transport systems, which have overlapping substrate specificities.  Within these transporters there 
are both apical/brush-border as well as basolateral transporters and they transport amino acids 
based upon things such as sodium-dependence, and net electrical charge.  Many free amino acids 
are not actually transported out of the enterocyte, but are actually utilized by the enterocyte itself.   
Generally, whole proteins are not transported or absorbed across the GIT and into 
circulation. They are digested to free amino acids in the enterocytes.  However, in newborns 
whole proteins are absorbed from colostrum for up to 24-72 hours after birth, prior to gut 
closure.  This allows for immunoglobulin transport to acquire increased passive immunity.  In 
adults this can occur via paracellular (through tight junctions) or transcellular (endocytosis or 
pinocytosis) transport, however these routes are of little nutritional significance and may be more 
associated during times of increased stress (Gardner, 1988).  
Multiple disorders, diseases, and conditions cause stress to the GIT.  In addition to being 
a primary organ for absorption and digestion of nutrients, the GIT also contains a diverse set of 
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microbes, which aid in metabolic processes as well as host defense mechanisms.  Impairment of 
small intestinal function can occur with or without morphological changes to the epithelium.  
Intestinal rotavirus in pigs has been shown to decrease digestive enzyme activities of lactase 
while blunting small intestinal villi (Jacobi et al., 2013).  This blunting of villi presumably would 
reduce absorptive surface area of the intestine.  Cold stress in mice actually increases 
paracellular permeability to nutrients (e.g arabinose) presumably as a quick response to meet 
increasing absorptive demands (Price et al., 2013).  Transmucosal short circuit current (Isc) is a 
measure of basal active ion transport, which is increased by damage and injury to the GIT 
(Apanavicius et al., 2007; Boudry et al., 2004) and this can be indicative of increased sodium 
absorption (potentially coupled with nutrients).    
 
Tight junction proteins and barrier integrity 
The intestine is important for digestion and absorption of feedstuffs as well as discarding 
unused food, and microbes.  However, aside from its digestive processes, functional integrity of 
the intestine is dependent upon coordinated regulation of the mucus layer, tight junctions (TJ), 
epithelial cells, as well as the enteric immune system (Groschwitz and Hogan, 2009).  
The intestinal epithelium is selectively permeable through two pathways; transcellular 
through the cell or paracellular between the cells via tight junctions (Figure 1.4). Adhesive 
junctional complexes contain proteins, which link adjacent epithelial cells to the actin 
cytoskeleton through scaffolding proteins.  Adherens junctions and desmosomes are important 
for mechanical linking of cells while tight junctions are responsible for regulating selective 
solute transport.  Both sets of complexes are also important for cellular proliferation and 
differentiation (Groschwitz and Hogan, 2009).  
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Figure 1.4. Overview of intestinal epithelial junctional complexes (Groschwitz and Hogan, 
2009). 
Secretory barrier proteins 
Although TJ’s are important barrier defenses, perhaps the most important and largest 
barrier defense for the GI tract is the mucus layer coating the length of the GI tract.  This mucus 
layer provides the first line of defense against intestinal injury.  Intestinal goblet cells are 
responsible for secretion of several mucins including MUC2, MUC1, MUC 4, MUC3, MUC 12, 
MUC 13, and MUC17 (Johansson et al., 2013).  They are large glycosylated glycoproteins with 
several O-linked oligosaccharide side chains, which create a gel-like structure.  Mucins are the 
major secreted product of goblet cells, however, there are several other molecules secreted by 
goblet cells (Kim and Ho, 2010).   
The intestine is colonized by many species of commensal and pathogenic bacteria, which 
can become trapped within the mucus layer and removed via peristalsis or activate the immune 
response. The mucus layer allows for nutrient transport while at the same time preventing 
microbial attachment and colonization (Kim and Ho, 2010).  Several factors including microbes, 
microbial products, cytokines, toxins, and more regulate expression of mucin genes.   
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The mucus layer also contains other products of goblet cell secretion including trefoil 
factors (TFF’s), antimicrobial peptides (β-defensins, lysozymes) and secretory IgA, along with 
several other molecules.  Resistin-like molecule β is also secreted by goblet cells and induces 
goblet cell hyperplasia as well as functions as an immune effector molecule in response to a 
nematode infection.  With that, Fc-γ binding protein (also known as IgG Fc binding protein) 
binds IgG antibodies and participates in stabilization of the mucus layer (Johansson et al., 2009). 
 Other important secretory proteins in regulating the intestinal barrier are the trefoil 
proteins, also known as trefoil factors.  These are small peptides (< 15 kDa), which contain 
disulphide bonds.  Three main TFF’s are present in the small intestine (TFF1, TFF2, and TFF3) 
in Brunner’s glands and goblet cells while TFF1 and TFF3 are found in the large intestine in 
goblet cells.  However, another function of TFF’s is their ability to promote cell migration, 
without promoting cell division.  These peptides are rapidly upregulated at mucosal tissue injury 
sites and aid in repair of damaged mucosal tissue.  Trefoil factors help with repair by stimulating 
non-apoptotic cells to migrate towards the center of the infected area (also known as intestinal 
restitution (Sturm and Dignass, 2008).   
 Trefoil peptides are closely associated with mucus secreting cells, suggesting they may 
be important for stabilization of mucus lining of the intestinal tract.  Specifically, TFF2 
associates with MUC5AC and TFF3 associates with MUC2 and there may be a direct interaction 
between mucins and TFF’s (Buisine et al., 2001).  
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Gastrointestinal Physiology Under Stress 
Tight Junctions and Intestinal Permeability 
Tight junction proteins such as zonula occludin, claudins, and occludins re-distribute or 
re-localize during times of stress (Turner, 2009, 2006; Zhang et al., 2010).  ZO-1 is thought to 
primarily regulate paracellular permeability in the intestine, while the role of occludin in 
paracellular permeability is still not fully understood (Raleigh et al., 2011).  Enteric Salmonella 
infection has been shown to increase expression of the TJ protein claudin-2 (Zhang et al., 2013) 
and E. coli infection causes redistribution and/or fragmentation of ZO-1, claudin-1, and occludin 
(Ngendahayo Mukiza and Dubreuil, 2013).  
Re-distribution of TJ proteins has previously been shown due to oxidative stress (Musch 
et al., 2006) in a c-Src kinase dependent manner (Basuroy et al., 2003).  Phosphorylation of 
occludin by multiple kinases and phosphatases is thought to contribute to TJ regulation and 
modification (Dörfel and Huber, 2012).  The Src-family kinases are thought to be involved in TJ 
assembly and intestinal integrity.  Casein kinase (CK) II-α also plays a key role in occludin 
phosphorylation and acts as an important regulator of ZO-1, claudin-1, and claudin-2 proteins.  
TJ protein complexes dissociate and lead to impaired barrier function upon CKII-α activation 
(Raleigh et al., 2011).  
Enteropathogenic bacteria increase transcellular permeability (Barreau and Hugot, 2014).  
Intestinal viruses such as astrovirus (Moser et al., 2007), rotavirus (Jacobi et al., 2013) and 
transmissible gastroenteritis (Egberts et al., 1991) also have been shown to increase intestinal 
permeability.  In rodents, HS significantly affects small intestinal permeability of FD4 (Lambert 
et al., 2002a).  Even within a short time period (60 minutes) heat stressed rodents at 41.5-42°C 
core temperature had increased FD4 permeability.  Decreased transepithelial electrical resistance 
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(TER) has also been observed in other HS models in cell culture and rodents (Dokladny et al., 
2006; Prosser et al., 2004).  Over all permeability changes due to HS specifically are summarized 
in Table 1.3.   
 
Table 1.3. Effects of heat stress on intestinal permeability in various 
species S ecies Measure Change Reference 
Rats Plasma LPSa Increase 1, 7, 10 
Humans Plasma LPS Increase 2 
Primates Plasma LPS Increase 3 
Dairy Goats Plasma LPS Increase 8 
Chickens Plasma LPS Increase 11 
Pigs Plasma LPS Increase 12 
Rats TERb Decrease 4 
Caco-2 Cells TER Decrease 5 
T84 Cells TER Decrease 9 
Pigs TER Decrease 12 
Rats FITCc-Dextran Increase 6,7 
Pigs FITC-LPS Increase 12 
T84 Cells HRPd Flux Increase 9 
aLipopolysaccharide 
bTransepithelial Electrical Resistance 
cFluorescein isothiocyanate 
dHorseradish Peroxidase 
1. (Hall e  al., 2001) 
2. (Bouchama et al., 1991) 
3. (Gathiram et al., 1988) 
4. (Prosser et al., 2004) 
5. (Dokladny et al., 2006) 
6. (Lambert et al., 2002b) 
7. (Singleton and Wischmeyer, 2006) 
8. (Wang et al., 2011) 
9. (Yang et al., 2007) 
10. (Lim et al., 2007) 
11. (Cronje, 2007) 
12. (Pearce et al., 2013) 
 
Nutrient Transport and Digestibility  
Metabolically, both HS and endotoxin- induced inflammation shift post-absorptive fuel 
selection from oxidative phosphorylation to glycolytic metabolism, while deemphasizing fatty 
acid oxidation (Baumgard and Rhoads, 2011; O'Neill, 2011; Tannahill and O'Neill, 2011).  
Nutrient transport in the GIT decreases when the intestine is under inflammatory or metabolic 
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stress.  Studies show that glucose, lysine, arginine, and glutamine transport is reduced under LPS 
challenge in pigs and culture, respectively (Albin et al., 2007; Meng et al., 2005).  
On the contrary, nutrient transport during HS appears to be increased.  Nutrient 
absorption optimization and post-absorptive metabolism changes have been observed in HS 
poultry (Garriga et al., 2006).  Furthermore, others (Kellett and Brot-Laroche, 2005) have 
reported an increased intestinal membrane GLUT 2 protein expression that would aid in passive 
glucose uptake accompanied by increases in SGLT-1 expression in HS avians (Garriga et al., 
2006).  Interestingly, SGLT-1 mediated glucose uptake has been shown to protect epithelial cells 
against apoptosis (Yu et al., 2008) and so increased glucose transport may be a protective 
mechanism.  
Although not directly observed under HS, LPS and other TLR4 ligands such as saturated 
fatty acids activate enteroendocrine cells, which act as nutrient sensors in the intestine.  Increased 
activation of these cells leads to an increased secretion of appetite regulating peptides such as 
ghrelin, cholecystokinin, and glucagon-like peptide 1.  These neuropeptide hormones act on the 
satiety centers in the hypothalamus, which ultimately results in reduced nutrient absorption from 
the intestine (Bogunovic et al., 2007; de Lartigue et al., 2011).  
Amino acid metabolism is also of interest as glutamine is a primary energy source for 
intestinal cells (Singleton and Wischmeyer, 2006).  It is not clear whether the observed changes 
reflect increased transport or increased glutamine oxidation.  Regardless, glutamine appears to 
play a key role in maintaining intestinal health (Singleton and Wischmeyer, 2006) and this is 
likely similar during HS.  In other infection models (e.g. salmonella), active glutamine transport 
is increased early on during infection (Walsh et al., 2012).   
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Apparent total track digestibility coefficients for energy, nitrogen, and dry matter are 
increased in pigs reared at 33°C (Collin, 2001).  However, if corrected for equal feed intake 
(heat-stressed animals ate less) there was no effect of climate on digestibility.  On the contrary, 
heat-stressed sheep have reduced digesta passage rates, neutral detergent fiber (NDF), acid 
detergent fiber, and nonstructural carbohydrates digestibility coefficients (Bernabucci et al., 
2009).   In heat-stressed pigs, nitrogen intake and nitrogen retention are reduced (Brestensky et 
al., 2012; Renaudeau et al., 2013).  This may be due to changes in the cellulolytic and amylolytic 
rumen bacterial populations following exposure to climatic stress.  Additionally, HS pigs have 
altered metabolic responses (reduced heat production) and feeding behavior compared to thermal 
neutral reared pigs (Renaudeau et al., 2013). 
Intestinal Ischemia and Restitution  
Toxic compounds, digestive processes, inflammation, ischemia, and oxidative stress, 
among other things, may damage the intestinal epithelium.  Intestinal restitution is the process by 
which the intestine repairs itself after injury and/or damage.  Ischemia/reperfusion injury is 
common in several intestinal ischemic disorders such as necrotizing enterocolitis, and disorders 
in bile salt production can also be detrimental to the intestinal barrier (Blikslager et al., 2007).  
Intestinal restitution and wound healing require inflammation, cell proliferation, and remodeling 
of tissues.  Epithelial cells near the area of damage morphologically change and migrate to the 
injured area to restore barrier integrity.  An important aspect in this process includes oxygen 
sensing and hypoxia at the site of infection.   Low oxygen at the repair site is due to an increase 
in oxygen demand due to superoxide anion generated by immune cells, as well as reparative 
processes, which require oxygen.  With that, toll-like receptors, regulatory peptides, TFFs, 
mucins, dietary factors, and amino acids modulate intestinal restitution (Sturm and Dignass, 
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2008).  An important non-receptor protein tyrosine kinase, FAK has also been implicated in cell 
migration and restitution (Owen et al., 2011).   
Glutamine is a non-essential amino acid and is important for rapidly dividing cells, 
especially immune and epithelial cells of the intestine.  In several studies, glutamine has been 
shown to reduce intestinal injury, as well as stimulate cell turnover via increased cell 
proliferation and decreased apoptosis (Swaid et al., 2013).  A dipeptide derivative of glutamine, 
alanyl-glutamine has also been shown to increase proliferation and migration while reducing 
apoptosis (Rodrigues et al., 2013).  Other amino acids, including arginine and leucine, may also 
be beneficial.  These amino acids, along with glutamine are prototype amino acid signals.  
Glutamine activates the mitogen-activated protein kinase (MAPK) pathway and increases HSP 
synthesis, while arginine and leucine activate the mammalian target of rapamycin (mTOR) 
pathway to promote synthesis of new proteins (Marc Rhoads and Wu, 2009).  Several growth 
factors such as transforming growth factor beta (TGF-β), and insulin-like growth factor 1 (IGF-
1) are stimulators of cell proliferation, migration and decreased paracellular permeability 
(Blikslager et al., 2007).  Probiotics have also shown promise in the area of intestinal restitution.  
Lactobacillus and bifidobacteria species, as well as yeast help preserve intestinal integrity (Rao 
and Samak, 2013).  Glucagon like peptide-2 (GLP-2) is also capable of stimulating wound repair 
in small intestine through a vascular endothelial growth factor (VEGF) pathway (Bulut et al., 
2008).   
 
Dietary Interventions 
As heat stress has direct health implications to both humans and livestock species, there 
is an interest in feed supplements as a way to improve the response to heat stress.  Dietary 
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supplementation is just one example of an easily adjustable and affordable option to be utilized 
in animal agriculture and the biomedical field (Rhoads et al., 2013). 
In cattle, glutamine has been shown to enhance the immune response during heat stress 
by increasing IgG levels and lowering circulating concentrations of IL-6, and cows fed glutamine 
had a higher cell-mediated immune response than controls (Caroprese et al., 2013).  Glutamine 
improves disruption of intestinal integrity as a result of ethanol and is associated with increased 
expression of HSP 70 and HSF-1 (Akagi et al., 2013).  It has also been shown to prevent 
apoptosis in intestinal epithelial cells (Kallweit et al., 2012), decrease gut permeability and 
improve survival following environmental hyperthermia (Singleton and Wischmeyer, 2006).  
Glutamine is a primary fuel source for enterocytes (McCauley et al., 1998).   
Colostrum has also been implicated in stimulating growth of new cells, and has been 
suggested as a potential protective agent against multiple types of stress (de Moura et al., 2013).  
Bovine colostrum has been shown to prevent intestinal injury (Playford et al., 1999) and 
permeability in humans and a possible mechanism for this may include antimicrobial and 
antiviral compounds found in the colostrum (Playford et al., 2001).  During HS specifically, prior 
supplementation of either goat milk powder or bovine colostrum powder have been shown to 
reduce the impact of HS on intestinal permeability by maintaining transepithelial resistance 
(Prosser et al., 2004).  
Zinc has been shown to be essential for normal intestinal barrier function and 
regeneration of intestinal epithelial cells (Alam et al., 1994).  It has been shown to improve 
intestinal integrity during malnutrition (Rodriguez et al., 1996), ethanol-induced intestinal injury 
(Lambert et al., 2003), inflammatory bowel disease (Sturniolo et al., 2001), as well as infectious 
diarrhea (Alam et al., 1994).  During HS in laying Japanese quail, supplementation of zinc 
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sulfate improved feed intake, egg production, egg quality, feed efficiency and nutrient 
digestibility (Sahin and Kucuk, 2003).  In broiler chickens, supplementing zinc sulfate improved 
weight gain, and feed efficiency while also reducing oxidative stress (Kucuk et al., 2003).  It also 
improves intestinal barrier function during HS in a swine model (Sanz Fernandez et al., 2013).   
Chromium may also be an option during HS.  It facilitates insulin action on metabolism 
and as many studies have demonstrated, insulin is higher in heat-stressed animals compared to 
pair-fed thermal neutral counterparts (Pearce et al., 2013a; Wheelock et al., 2010), which may be 
part of a survival mechanism.  In dairy cattle (Soltan, 2010) and poultry (Lien et al., 1999), 
chromium supplementation improved growth performance and reduced lipolysis.  With that, 
trivalent chromium increases immune system function by affecting T and B-lymphocytes, 
macrophages, and cytokines (Shrivastava et al., 2002), while maintaining integrity of the 
gastrointestinal tract (Shrivastava et al., 2005).  In addition, in quail, supplemental chromium 
histidinate alleviates oxidative stress through modulation of the hepatic nuclear factor kappa 
(NFK) β pathway (Orhan et al., 2012).   
 
Conclusions 
Overall, high ambient temperatures cause detrimental effects to both humans and 
livestock.  These negative effects can be related to production losses, as well as mortality.  
Although HS has been demonstrated to negatively impact several organ systems, the 
gastrointestinal tract is highly susceptible to heat and hypoxic injury.  Heat stress, bacteria, and 
viruses increase intestinal permeability and cause barrier dysfunction, which can lead to 
endotoxemia.  Many of the models utilized to examine the effects of short-term HS have 
included rodents and cell culture models.  However, there is little information examining how 
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pigs initially perceive and cope with HS.  With that, the mechanisms that lead to this dysfunction 
have not been characterized in a porcine model.  Finally, determining the impact of both 
hypoxia, as well as reduced feed intake are important to understanding these mechanisms.  In the 
future, determining pathways to target with drugs, nutritional interventions, or genetic 
engineering may help mitigate or alleviate the negative impact HS has on mammals.  
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Abstract 
Excessive heat exposure reduces intestinal integrity and post-absorptive energetics that 
can inhibit wellbeing and be fatal.  Therefore, our objectives were to examine how acute heat 
stress (HS) alters intestinal integrity and metabolism in growing pigs.  Animals were exposed to 
either thermal neutral (TN, 21°C; 35-50% humidity; n=8) or HS conditions (35°C; 24-43% 
humidity; n=8) for 24 h.   Compared to TN, rectal temperatures in HS pigs increased by 1.6 oC 
and respiration rates by 2-fold (P < 0.05).  As expected, HS decreased feed intake by 53% (P < 
0.05) and body weight (P < 0.05) compared to TN pigs.  Ileum heat shock protein 70 expression 
increased (P < 0.05), while intestinal integrity was compromised in the HS pigs (ileum and colon 
TER decreased; P < 0.05).  Furthermore, HS increased serum endotoxin concentrations (P = 
0.05).  Intestinal permeability was accompanied by an increase in protein expression of myosin 
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light chain kinase (P < 0.05) and casein kinase II-α (P = 0.06).  Protein expression of tight 
junction (TJ) proteins in the ileum revealed claudin 3 and occludin expression to be increased 
overall due to HS (P < 0.05), while there were no differences in claudin 1 expression.  Intestinal 
glucose transport and blood glucose were elevated due to HS (P < 0.05).  This was supported by 
increased ileum Na+/K+ ATPase activity in HS pigs.  SGLT-1 protein expression was unaltered; 
however, HS increased ileal GLUT-2 protein expression (P = 0.06).  Altogether, these data 
indicate that HS reduce intestinal integrity and increase intestinal stress and glucose transport.  
 
Introduction 
  Both humans and livestock are susceptible to high thermal loads that can cause acute, 
chronic, and lethal illness due to heat stress-related pathologies.  In 2003, approximately 50,000 
Europeans died during an intense heat-wave (Kosatsky, 2005; Patz, 2005).  More recently, about 
11,000 people succumbed to heat stress in Moscow during an abnormally hot 2010 summer 
(Rahmstorf and Coumou, 2011).  Besides cooling and rehydration, there are few standard 
medical procedures to treat heat stroke and mortality for patients admitted to hospitals is thought 
to be >30% (LoVecchio et al., 2007a).  Moreover, heat stress is also important for animal 
agriculture as it is estimated to costs the US swine industry over $300 million annually and cost 
global animal agriculture tens of billions of dollars (St-Pierre et al., 2003b). 
Heat-stressed mammals partition blood to the periphery in an attempt to maximize radiant 
heat dissipation, and this blood redistribution is supported by vasoconstriction of the 
gastrointestinal tract (Lambert, 2009b).  As a result, reduced blood and nutrient flow leads to 
hypoxia at the intestinal epithelium, which ultimately compromises intestinal integrity and 
function (Yan et al., 2006).  Consequently, heat-induced intestinal permeability is associated 
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with increased blood markers of endotoxemia, hypoxia, and inflammation; all of which may 
contribute to multi-organ failure syndrome (Hall et al., 2001b).  As the gastrointestinal tract is 
highly sensitive to heat, and a compromised mucosa is pivotal to the pathobiology of heat -
related illness, numerous animal and cell culture models have been utilized to examined the 
etiology of heat-induced intestinal damage (Dokladny et al., 2006; Hales et al., 1979; Prosser et 
al., 2004).  However, few studies have examined how high ambient temperatures affect intestinal 
function and integrity.   
The mechanisms by which heat stress alters intestinal permeability are not fully 
understood.  However, inflammation and hypoxia regulate intestinal tight junction (TJ) proteins 
such as occludin and claudins, along with heat shock proteins (HSP) and hypoxia-inducible 
factor (HIF) (Qi et al., 2011; Turner, 2006; Yamagata et al., 2004).  Additional consequences of 
altered intestinal permeability may include changes in nutrient digestibility and absorption across 
the intestinal epithelium.  Therefore, our objective was to evaluate and characterize the effects of 
prolonged HS on intestinal integrity, metabolism, and function in growing pigs.  Furthermore, 
we hypothesized that an acute heat-load would detrimentally alter intestinal integrity leading to 
augmented endotoxemia and inflammation.  
 
Materials and Methods 
Animals and Study Design 
  All procedures involving animal use and care were approved by the Iowa State 
University Institutional Animal Care and Use Committee.  Sixteen crossbred pigs (46±6 kg BW) 
comprising of six gilts and ten barrows were housed in individual pens and allowed ad libitum 
access to water and feed at all times.  Feed intake was measured throughout the acclimation 
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period, and the diet consisted primarily of ground corn and soybean meal and was formulated to 
meet or exceed nutrient requirements (NRC, 1998).  After two weeks of acclimation under 
thermal neutral conditions, pigs were randomly assigned to one of two climatic treatments. 
 To evaluate the effects of an acute heat load, pigs were exposed to either thermal neutral 
(TN, 21°C; 35-50% relative humidity; n=8) or HS conditions (35°C; 24-43% relative humidity; 
n=8) for 24 h.  Regardless of environmental treatment, all animals were fed the same diet 
throughout the duration of the experimental period.  During the 24 h experimental period animals 
were monitored continuously for signs of distress.  Rectal temperatures were recorded with a 
digital thermometer (Top care®, Waukegan, IL) and respiration rates (breaths/min) calculated 
with a stopwatch.  Pigs were moved into HS conditions in six blocks beginning at 0800 or 1100 
h over three days.  For each block, respiration rate, rectal temperature, and feed intake were 
measured every four hours during each 24-h period. Body weights were recorded on all animals 
at 0 h and immediately prior to sacrifice (i.e. 24 h).  Blood was obtained while the animals were 
restrained (at 0 and 24 h) and immediately sacrificed using a penetrating captive bolt followed by 
exsanguination.   
  Biological samples harvested included whole tissue and mucosal scrapings from the 
ileum (2 m proximal from the ileal-cecal junction) and colon (1 m from the rectum).  A portion 
of the tissue samples were snap-frozen in liquid nitrogen and stored at -80°C until further 
analyses.  An additional fresh sample of whole ileum and colon was obtained and placed 
immediately into Krebs-Henseleit buffer (containing 25 mM NaHCO3, 120 mM NaCl, 1 mM 
MgSO4, 6.3 mM KCl, 2 mM CaCl and 0.32 mM NaH2PO4, pH 7.4) under constant aeration for 
transport to the laboratory and mounting into modified Ussing Chambers.   
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Ussing Chamber  
  Intestinal tissue from the proximal ileum and colon was mounted into modified Ussing 
chambers (Physiological Instruments, San Diego, CA) for determining intestinal integrity and 
active nutrient transport.  Tissue samples were pinned and placed vertically into the chambers, 
connected to dual channel current and voltage electrodes submerged in 3% noble agar and filled 
with 3M KCl for electrical conductance.  Each segment was bathed in 4 mL of Krebs-Henseleit 
buffer (KHBB) on both serosal and mucosal sides, and tissue was provided with a constant O2-
CO2 mixture.  Individual segments were clamped at a voltage of 0 mV and transepithelial 
electrical resistance (TER) was determined (2007).  Ileal active glucose and glutamine nutrient 
transport were measured as previously described by Gabler and co-workers (2007). 
  To further assess intestinal integrity, ileum and colon mucosal to serosal macromolecule 
transport of 4.4 kDa fluorescein isothiocyanate labeled dextran (FITC-Dextran) was used.  After 
20 min of stabilization, Krebs-Henseleit buffer was removed from the luminal side and 2.2 
mg/mL of FITC-Dextran was added while 4 mL of KHBB was added to the acceptor side.  
Samples from both sides were obtained in duplicate every 20 min for 80 min.  The relative 
fluorescence was then determined using a fluorescent plate reader (Bio-Tek, USA) with the 
excitation and emission wavelengths of 485 and 520 nm, respectively.  Thereafter, an apparent 
permeability coefficient (Papp) was calculated for each treatment (Tomita et al., 2004a):  
  
Where: dQ/dt = transport rate  ; C0 = initial concentration in the donor chamber  ; A = area of the 
membrane (cm2).  
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Blood Glucose and Endotoxin Analysis 
 Blood glucose was analyzed using an i-STAT® (Abbott Point of Care, Princeton, NJ) 
machine with the CG8+ cartridge.  Blood from the 0 and 24 h sampling was obtained using 
lithium heparin vacutainer tubes.  Serum endotoxin concentrations were determined using a 
commercially available kit validated for use in our laboratory.  Briefly, endotoxin concentrations 
were determined in triplicate using a recombinant Factor C (rFC) endotoxin assay with a 1/1000 
dilution factor for porcine serum samples (PyroGene® Recombinant Factor C Endotoxin 
Detection System, Lonza, Walkersville, MD).  The procedure was conducted in 96-well 
microplates and fluorescence was measured at time 0 and after 1 h incubation at 37°C.  The 
plates were then read under fluorescence using a Synergy 4 microplate reader (Bio-Tek, 
Winooski, VT) with excitation/emission wavelengths of 380/440 nm.  Relative fluorescence unit 
(RFU) was determined and concentration of endotoxin was interpolated from the standard curve.  
Values were calculated by subtracting the endotoxin concentration at time zero of the study from 
the concentration at time of sacrifice.  
 
Myeloperoxidase Activity (MPO)  
  To assess immune cell infiltration into the intestinal tract due to HS, whole ileum tissue 
MPO activity was measured using a modified method previously described (Suzuki et al., 1983).  
Briefly, tissue samples were homogenized in 0.5% hexadecyltrimethylammonium bromide 
(HTAB) in potassium phosphate buffer (PPB; pH 6.0) and then freeze-thawed and vortexed three 
times.  Samples were then centrifuged for 15 min at 10,000 x g.  The resulting supernatant was 
transferred to a new tube and the remaining pellet was again suspended in 500 µL of 0.5% PPB + 
HTAB.  The resuspended pellet was freeze-thawed and homogenized 2 X and 500 µL was 
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transferred to a new tube.  Samples were then centrifuged again at 10,000 x g for 15 min and the 
supernatant was collected.  The final supernatant was mixed with o-dianasidine dihydrochloride 
and 0.005% hydrogen peroxide.  One unit of MPO activity was expressed as the amount of MPO 
needed to degrade 1 µmol of hydrogen peroxide/min/mL.  Absorbance was read at 460 nm for 10 
min reaction time and absorbance was calculated on a milliliter sample/milligram protein basis.   
 
Na+/K+ ATPase Activity 
  Ileal mucosal scrapings were homogenized in sucrose buffer (pH 7.4) consisting of: 50 
mM sucrose, 1 mM Na2EDTA, and 20 mM tris base and centrifuged at  1000 x g for 10 min for 
protein extraction.  Protein extracts were separated into 5 aliquots: two for water, two for 
ouabain, and one for bicinchoninic acid (BCA) protein analysis.  Proteins with either MQ H2O 
or 20 mM ouabain were pre-incubated for 15 min with Na+/K+ ATPase reaction buffer (pH 7.0; 
2000 mM NaCl, 100 mM KCl, 50 mM MgCl2 and 250 mM HEPES)  and then incubated for 45 
min after addition of fresh 105 mM ATP to start the reaction.  After 45 min the reaction was 
terminated using ice-cold 50% trichloroacetic acid.  Samples were centrifuged at 1500 x g for 10 
min to obtain the final product which was present in the supernatant (Fuller et al., 2003).  Lastly, 
samples were analyzed for the presence of inorganic phosphate using the Molybdovanadate 
method (Ueda and Wada, 1970) and assessed in triplicate at a wavelength of 400 nm using a 
Synergy 4 microplate reader (Bio-Tek, Winooski, VT).  Specific Na+/K+ ATPase activity was 
determined by the difference in inorganic phosphate (Pi) production from ATP in the presence of 
absence of ouabain (specific Na+/K+ ATPase inhibitor).  Unspecific phosphate hydrolysis was 
correlated by measuring Pi freed in the absence of protein suspension.   
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Western Blotting 
  Whole cell protein from ileal mucosal scrapings was extracted in a PBS + 1% Triton X-
100 buffer with protease and phosphatase inhibitors and used for a majority of western blot 
analysis.  For TJ measurement, proteins from ileum mucosal scrapings were fractionated into 
cytosolic and membrane portions as previously described (Jacob et al., 2005).  Briefly, tissues 
were homogenized in a lysis buffer containing 1% Triton X-100, 100 mM NaCl, 10 mM HEPES 
pH 7.6, 2 mM EDTA with protease and phosphatase inhibitors.  Samples were centrifuged at 
15,000 x g for 30 min and the triton-soluble (cytosolic) supernatant was collected.  The pellet 
was ultrasonicated in triton buffer with 1% SDS and centrifuged at 15,000 x g for 5 min to give 
the triton-insoluble (membrane) fraction.  Tissue homogenates were separated by SDS (10-15%) 
polyacrylamide gel electrophoresis (SDS-PAGE).  Gels were run under reducing conditions and 
transferred to nitrocellulose membranes.  Membranes were blocked for 1 h in 5% non-fat dry 
milk (NFDM) in TBST (1X TBS, 0.1% Tween-20).  Membranes were then blocked in primary 
antibody with 5% NFDM in TBST overnight.  After blocking in primary antibody (HSP70, HIF 
1-α, MLCK, GLUT 2, SGLT-1, C-Src, CK II-α, Claudin 1, Claudin 1, Occludin, MCT, and 
GAPDH; Table S1) membranes were incubated in secondary antibody for one hour.  For 
detection, Supersignal® West Pico Chemiluminescent Substrate was used (Thermoscientific, 
Waltham, MA).  Membranes were imaged using FOTO Analyst® Luminary/FX® (Fotodyne 
Inc, Hartland, WI).  Band densities were quantified by densitometry using TotalLab Quant (Total 
Lab®, Newcastle Upon Tyne, UK).  Bands were standardized to the density of GAPDH and 
represented as a ratio of each protein to GAPDH. 
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Inflammation Measures  
  Equal amounts of ileal mucosal scraping tissue protein (100 µg) and serum were analyzed 
for interleukin-1β (IL1B) and IL-8 concentrations using a porcine-specific ELISA (DuoSet® 
Porcine IL1, catalog number DY681 and DY535, respectively, R&D systems, Minneapolis, MN, 
USA) per the manufacturer’s instructions.  Further, serum tumor necrosis factor (TNF)-α was 
measured also using a commercially available ELISA kit (Quantikine® Porcine TNF-α, catalog 
number PTA00, R&D systems, Minneapolis, MN, USA). 
 
Digestive Enzyme Activities 
  Activities of maltase, sucrase, and lactase were analyzed in ileal mucosal scrapings using 
a modified method of Dahlqvist (1984), and liberated glucose was measured using the glucose 
oxidase method.  L-alanine aminopeptidase activity was analyzed using a modified method of 
Roncari and Zuber (1969), utilizing p-nitroaniline as a substrate.  
 
Statistics 
   All data were statistically analyzed using the PROC MIXED procedure of SAS version 
9.2 (SAS Inst. Inc. Cary NC).   The model included a fixed effect of treatment (TN vs. HS) as 
well as a random effect of sex and experimental block if significant.  For hourly measurements 
(body temperatures, respiration rates and feed intake) each animal’s respective parameter was 
analyzed using repeated measures with an auto-regressive covariance structure and time as the 
repeated effect.  Baseline or time 0 data was used as a covariate. All data are reported as LS 
means and differences considered significant if P < 0.05 and a tendency if P < 0.10.   
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Results 
Phenotypic Response to Heat Stress 
  Heat-stressed pigs had an immediate and overall increase in rectal temperatures (39.3 vs. 
40.9°C, P < 0.01, Figure 2.1a) and an approximate 2-fold increase in overall respiration rate 
compared to the TN controls (52 vs. 119 bpm, P < 0.05, Figure 2.1b).  During HS, cumulative 
feed intake decreased (53 %; P < 0.01, Figure 2.1c) and heat-stressed pigs lost BW (-2.2 kg; P < 
0.05, Figure 2.1d) while TN pigs gained BW (0.5 kg).  
 
Intestinal Integrity 
Ileum and colon TER decreased 52 and 24%, respectively in heat-stressed pigs (P < 0.05, 
Table 2.1).  Furthermore, the apparent permeability coefficient (transport of the macromolecule, 
FITC-dextran) was markedly elevated in the ileum and colon (119 and 472%, respectively; P < 
0.05, Table 2.1) due to HS.  Protein expression of ileum mucosal MLCK was elevated during HS 
(116%; P < 0.05, Figure 2.2a).  There was a tendency (P = 0.06; Figure 2.2b) for HS to increase 
expression of ileum CK II-α , however c-Src expression was unchanged due to temperature (P > 
0.10, Figure 2.2c).  Circulating endotoxin concentrations also increased 200% in HS pigs 
compared to TN counterparts (P < 0.05, Figure 2.3).  There were no differences (P > 0.10) 
detected in cytosolic or membrane fraction protein expression of claudin 1 (Table 2.2, Figure 
2.4).  Total claudin 3 was upregulated (P < 0.05) due to HS and this difference was solely due to 
an increase in the membrane fraction (42%; P < 0.05).  Occludin protein expression was 
increased in the total fraction (P < 0.05, Table 2.2, Figure 2.4), however, differed from claudin 3, 
in that the increase was solely in the cytosolic fraction due to HS. (44%; P < 0.01, Table 2.2, 
Figure 2.4). 
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Intestinal Metabolism  
  After 24 h of an acute heat load, HS pigs had increased blood glucose (12%; P < 0.05, 
Figure 2.5a).  Ileum active glucose transport activity was increased (283%; P < 0.05; Figure 
2.5b) during HS, and HS tended to increase glutamine transport (P = 0.09, Table 2.3).  HS tended 
to increase GLUT-2 protein expression (P = 0.06, Figure 2.5c).  However, no changes were 
detected in SGLT-1 protein abundance (P > 0.05, Figure 2.5d).  Ileal Na+/K+ ATPase activity 
was increased due to HS (109%; P < 0.05, Figure 2.6) while sucrase and maltase activities were 
decreased by HS (30 and 24%, respectively; P < 0.05, Table 2.3).  Lactase activity did not differ 
between treatment groups (P = 0.37, Table 2.3).  There were no differences in ileal mucosal 
aminopeptidase N activity (P = 0.17, Table 2.3). 
 
Immune and Stress Response 
As expected, HS increased mucosal HIF-1α (139%, P ≤ 0.05, Figure 2.7) and HSP70 
protein expression (201%, P <0.01, Figure 2.7).  There were no differences observed in ileal 
mucosal IL1B and IL-8 concentrations, however there was a HS-induced decrease in serum IL-8 
(56%; P < 0.01, Table 2.4), serum TNF-α (P < 0.05) and a tendency for a decrease in serum IL1β 
(62%; P = 0.11, Table 2.4).  Ileal MPO activity was increased in HS pigs compared to TN 
counterparts (147%; P < 0.05, Table 2.4).  Protein expression of ileal mast cell tryptase (MCT) 
was increased due to HS (116%; P < 0.01, Figure 2.2d). 
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Discussion 
Exposure to high ambient temperatures can impose considerable health and physiological 
stress-related problems to humans and animals, and the gastrointestinal tract is one of the main 
organs affected (Lambert, 2009b).  By design, our HS protocol resulted in marked HS as 
evidenced by elevated rectal temperatures and respiration rates.  Another immediate effect of HS 
was the decrease in feed intake, and this reduced appetite is presumably a strategy to minimize 
metabolic heat production.  Decreased feed intake during HS was expected, as this is a highly 
conserved response amongst species (Baumgard and Rhoads, 2011; Collin, 2001).  However, it 
is important to note that nutrient restriction can lead to alterations in intestinal function, 
transport, morphology, and this may increase the risk of developing bacterial sepsis (Ferraris and 
Carey, 2000a).  Heat-stressed pigs also lost a significant amount of body weight in 24 h and this 
demonstrates that our acute model was an incredibly catabolic event.  This may be explained by 
the fact that pigs are extremely susceptible to HS because they lack functional sweat glands and 
produce a large amount of metabolic heat (D’Allaire et al., 1996). However, the loss of body 
weight could be partially explained by a combination of reduced feed intake, increased basal 
metabolic rate and a presumed increase in urination. Although, no diarrhea was observed due to 
HS and water consumption was not recorded, we believe our HS pigs were well hydrated as 
crudely assessed by blood hematocrit values which were not different from the TN control pigs 
(data not shown).  
Heat stress repartitions blood to the periphery which results in reduced blood flow to the 
intestinal epithelium and may lead to hypoxia, ATP depletion, oxidative and nitrosative stress, as 
well as apoptosis (Lambert, 2009b).  ATP depletion and osmotic stress is further amplified by an 
increase in ion pump activities that are a significant source of cellular and whole body energy 
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expenditure (Milligan and McBride, 1985).  During heat stress, cells also become more 
permeable to sodium and require more energy to maintain osmolyte homeostasis, membrane 
potential and active nutrient transport (Cant, 1996; Gaffin and Hubbard, 1996).  As such, this 
likely explains the increase in intestinal Na+/K+ ATPase activity observed in our HS model.  We 
also observed increased cellular stress in the form of increased protein expression of HIF 1-α and 
HSP70 during HS.  Under hypoxic conditions, HIF-1-α is rapidly upregulated to support many 
aspects of cell survival (Katschinski et al., 2002).  On the other hand, heat shock proteins, are a 
diverse family of proteins that are important in the stress response as they act as chaperones and 
housekeepers to provide protection and recovery to proteins which are misfolded, unfolded, or 
otherwise altered due to elevated temperatures (Afrazi et al., 2012b).  Specific to thermal 
biology, HSP70 is rapidly upregulated 2-4 h after heat exposure (Dokladny et al., 2006).  In 
addition, HSP70 mediates responses to endotoxin induced cytokine production and may interfere 
with nuclear factor (NF)-κB transcription, thus diminishing or disrupting the inflammatory 
response (Dokladny et al., 2010).  Altogether, these data indicate that 24 h of HS induces a 
localized stress response to the gastrointestinal tract. 
  Inflammation and pro-inflammatory cytokines (Al-Sadi and Ma, 2007) as well as hypoxia 
(Furuta et al., 2001) regulate or disrupt TJ’s and reduce intestinal integrity.  In the current study, 
HS increased circulating endotoxin, endotoxin transport, and intestinal permeability.  As a result, 
increased permeability can lead to endotoxemia and systemic inflammation (Hall et al., 2001b).  
This reduction in intestinal integrity is likely in part due to decreased resistance across the 
intestinal epithelium, as evidenced by a reduced TER during HS.  The decrease in TER agrees 
with previous HS models in cell culture and rodents (Dokladny et al., 2006; Prosser et al., 2004). 
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TJ proteins such as zonula occludin, claudins, and occludins re-distribute or re-localize during 
times of stress (Turner, 2009, 2006; Zhang et al., 2010).  ZO-1 is thought to primarily regulate 
paracellular permeability in the intestine, while the role of occludin in paracellular permeability 
is still not fully understood (Raleigh et al., 2011).  In the current study we observed an overall 
(membrane plus cytosolic) increase in claudin 3 and occludin protein expression due to HS.  Our 
occludin data agrees with previous 24 h intestinal HS models in which occludin protein is 
upregulated (Dokladny et al., 2006; Dokladny et al., 2008).  Upregulation of these TJ proteins 
may indicate a barrier enhancement effect during HS in an attempt to compensate for increased 
permeability.  This notion is supported by data indicating heat-induced expression of HSPs are 
required for occludin upregulation (Dokladny et al., 2006).  Another possibility is that the 
occludin detected is not functionally bound to ZO-1 and TJ complexes.  Interestingly, the 
distribution of TJ proteins differed, in that claudin 3 protein expression was upregulated more in 
the membrane fraction, while occludin was upregulated more in the cytosolic or detergent 
insoluble fraction.   
Re-distribution of TJ proteins has previously been shown due to oxidative stress (Musch 
et al., 2006) in a c-Src kinase dependent manner (Basuroy et al., 2003).  Phosphorylation of 
occludin by multiple kinases and phosphatases is thought to contribute to TJ regulation and 
modification (Dörfel and Huber, 2012).  The Src-family kinases are thought to be involved in TJ 
assembly and intestinal integrity.  Casein kinase II-α also plays a key role in occludin 
phosphorylation and acts as an important regulator of ZO-1, claudin-1, and claudin-2 proteins.  
TJ protein complexes dissociate and lead to impaired barrier function upon CKII-α activation 
(Raleigh et al., 2011).  In the current study we have shown HS to increase ileum CK II-α 
expression, indicating another mechanism through which TJ disruption of the intestinal 
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epithelium may occur.  Interestingly, no differences in c-Src expression were observed due to 
HS.  c-Src has been shown to directly bind and phosphorylate occludin, thus diminishing its 
ability to bind to zonula occludins (Dörfel and Huber, 2012).  Epithelial cells also consist of an 
actin cytoskeleton and contraction of this cytoskeleton is necessary to maintain cell motility.  
Regulation of the cytoskeleton is largely mediated by MLCK and post-translational 
modifications to myosin light chain (Turner, 2006).  Increased expression and activation of 
MLCK and subsequent phosphorylation of myosin light chain has been observed during HS and 
increases intestinal permeability (Yang et al., 2007).  This agrees with our data, as HS increased 
MLCK protein expression. Interestingly, MLCK is known to be activated by oxidative stress, 
hypoxia and HIF 1-α (Qi et al., 2011).  Moreover, it has been established that Na+-glucose 
cotransporter, SGLT1, activation in Caco-2 monolayers increases tight junction permeability 
(Turner et al., 1997). Thus, this suggests that the enhanced glucose transport also contribute to 
intestinal tight junction remodeling via MLC/MLCK activation and increased paracellular 
permeability (Berglund et al., 2001).   
 Environmental stresses such as HS and hypoxia cause local and systemic inflammation in 
a number of human and animal models (Bouchama et al., 1991a; Hall et al., 2001b; Leon, 2007).  
Myeloperoxidase activity was used as an indirect measure of ileum inflammation and more 
specifically, as a measure of neutrophil infiltration which produces hypochlorous acid to aid in 
pathogen killing.  Our findings indicate that HS induced MPO activity.  Interestingly, Kansagra 
et al., (Kansagra et al., 2003) reported moderate to weak correlations between MPO activity and 
intestinal permeability in a piglet enteric versus total parental nutrition model.  Thus, suggesting 
a clear link between intestinal inflammation and permeability.  Mast cells are activated due to an 
immune response and release tryptase which activates downstream signaling pathways involved 
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in inflammation.  Previous reports indicate an increase in MCT (in a model of weaning stress) 
which is correlated with an increase inflammation and intestinal permeability (Moeser et al., 
2007; Smith et al., 2010b).  Intriguingly, the pro-inflammatory cytokines IL-8, IL1B, and TNF-α 
were reduced in circulation and remained unchanged in the ileum epithelium.  This was 
surprising as we hypothesized that endotoxemia and hypoxia would have increased these 
cytokines in our model.  This discrepancy may be explained by the fact that the peak immune-
febrile response may have occurred earlier than 24 h and that a down regulation of this cytokine 
response was measured (Webel et al., 1997).  Alternatively, the up regulation of HSP70 has been 
shown to reduce TLR-4 induced signaling in enterocytes (Afrazi et al., 2012b) and thus HSP70 
may be diminishing NF-κB activation and the subsequent pro-inflammatory response.  
Metabolically, both HS and endotoxin induced inflammation shift post-absorptive fuel 
selection from oxidative phosphorylation to glycolytic metabolism, while deemphasizing fatty 
acid oxidation (Baumgard and Rhoads, 2011; O'Neill, 2011; Tannahill and O'Neill, 2011).  Our 
HS pigs were hyperglycemic after 24 h and this may partially be a result of increased ileum 
glucose transport.  This data is supported by data showing nutrient absorption optimization and 
post-absorptive metabolism changes in HS poultry (Garriga et al., 2006).  Furthermore, we and 
others (Kellett and Brot-Laroche, 2005) have reported an increased intestinal membrane GLUT2 
protein expression that would aid in passive glucose uptake.  However, we observed no 
differences in ileal SGLT-1 protein expression in the HS pigs, which is contrary to avian HS data 
(Garriga et al., 2006).  Amino acid metabolism is also of interest as glutamine is a primary 
energy source for intestinal cells (Singleton and Wischmeyer, 2006).  It is not clear whether the 
observed changes reflect increased transport or increased glutamine oxidation.  Regardless, 
glutamine appears to play a key role in maintaining intestinal health (Singleton and Wischmeyer, 
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2006) and this is likely similar during HS.  Although contradictory to the glucose transport data, 
ileal mucosal sucrase and maltase activities were attenuated by HS (Table 3).  These digestive 
enzyme reductions due to HS may be explained by increased epithelial sloughing or atrophy 
(Song et al., 2009).   
In addition, our glucose findings may also suggest possible mechanisms for cellular 
protection and hydration by the intestinal epithelium form HS. Intestinal SGLT-1-mediated 
glucose uptake has been shown to protect intestinal epithelial cells against LPS and Giardia 
induced apoptosis via targeting mitochondrial dependent and independent pathways (Yu et al., 
2005; Yu et al., 2008).  Mechanistically, this is a result of LPS induced CD14 activation of 
SGLT-1, independent of TLR4, that ultimately leads to cell rescue (Yu et al., 2006).  The 
increase in glucose transport due to HS may also be a reflection of increased water transport. 
Water can be co-transported along with Na= and glucose through SGLT-1 (Wright and Loo, 
2000).  
In conclusion, exposure to acute HS had reduced intestinal integrity and increased 
circulating endotoxin. Furthermore, intestinal glucose transport, digestive capacity and post-
absorptive metabolism is adversely affected during acute HS.  Further research is warranted with 
a pair-fed control group to elucidate differences that may be related to caloric restriction verses 
direct heat.  Short term exposure to high ambient heat increases intestinal permeability and 
targets key kinases that regulate TJ complexes. Osmotic stress, hypoxia and inflammation appear 
all to contribute to the intestinal pathologies of heat stress. 
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Figure 2.1.  The effects of 24 hours of either constant thermal neutral conditions (TN; 21°C) or 
heat stress conditions (HS; 35°C) on a) rectal temperature, b) respiration rates, c) cumulative 
feed intake, and d) change in body weight in growing pigs.  a,bP < 0.05,  n=8/trt. 
 
 
 
 
 
 
 
 
 
38 
39 
40 
41 
42 
0 4 8 12 16 20 24 
R
ec
ta
l T
em
pe
ra
tu
re
, °
C
 
Hour 
TN 
HS 
0 
25 
50 
75 
100 
125 
150 
R
es
pi
ra
tio
n 
R
at
e,
 b
pm
 TN 
HS 
0 
1 
2 
3 
0 4 8 12 16 20 24 
C
um
m
ul
at
iv
e 
Fe
ed
 in
ta
ke
, 
kg
 
Hour 
-3 
-2 
-1 
0 
1 
2 
C
ha
ng
e 
in
 B
od
y 
W
ei
gh
t, 
kg
 
a 
b 
a 
b 
A 
D C 
B Trt P < 0.01 Time P < 0.01 
Trt x Time P < 0.01 
Trt P < 0.01 
Time P < 0.01 
Trt x Time P < 0.01 
72 
 
 
 
 
 
                                                                                     
                                                                                    
   
 
                                                                              
                                                                                  
 
Figure 2.2.  Heat stress augments ileum protein expression of TJ protein regulatory machinery; 
a) Myosin light chain kinase (MLCK), b) Casein kinase (CK) II-α, c) c-Src, and d) Mast cell 
tryptase (MCT) in growing pigs.  Pigs were exposed for 24 hours to either constant thermal 
neutral conditions (TN; 21°C) or heat stress conditions (HS; 35°C).   n=8/trt. 
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Figure 2.3. Heat stress conditions (HS; 35°C) increases serum endotoxin compared to pigs 
reared in thermal neutral conditions (TN; 21°C) for 24 hours.  a,bP < 0.05, n=8/trt . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 
50 
100 
150 
200 
Se
ru
m
 E
nd
ot
ox
in
, A
rb
ita
ry
 U
ni
ts
 TN 
HS 
b 
a 
74 
 
 
 
 
 
  
                                                                  
                                                               
                                                              
 
Figure 2.4.  Heat stress conditions (HS; 35°C) alters expression and localization of TJ proteins 
compared to pigs reared in thermal neutral conditions (TN; 21°C) for 24 hours. Table 2.2 in 
support of Table 2.  
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Figure 2.5. The effects of 24 hours of either constant thermal neutral conditions (TN; 21°C) or 
heat stress conditions (HS; 35°C) on a) blood glucose, b) active glucose transport, c) GLUT-2 
expression, and d) SGLT-1 expression in growing pigs. n=8/trt 
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Figure 2.6. Heat stress conditions (HS; 35°C) increase Na+/K+ ATPase activity compared to pigs 
reared in thermal neutral conditions (TN; 21°C) for 24 hours.  a,bP < 0.05, n=8/trt.  
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Figure 2.7.  The effects of 24 hours of either constant thermal neutral conditions (TN; 21°C) or 
heat stress conditions (HS; 35°C) on a) mucosal HSP70 expression or b) mucosal HIF-1α protein 
expression in growing pigs.  a,bP < 0.05, , n=8/trt. 
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Table 2.1. Ileum and colon intestinal integrity is compromised in pigs reared in heat stress (HS) 
conditions compared to thermal neutral (TN). 
Parameter Environment
a 
P-value TN HS 
Ileum TERb, Ω x cm2   182.3 ± 17.4    87.7 ± 18.6 <0.01 
Colon TERb, Ω x cm2  133.0 ± 7.2 101.6 ± 8.3 <0.01 
Ileum APPc, µg/mL/min/cm       3.61 ± 0.93     7.92 ± 1.08 <0.01 
Colon APPc, µg/mL/min/cm       2.74 ± 3.55   15.67 ± 3.55   0.02 
a Pigs were exposed for 24 hr to either thermal neutral (TN; 21°C) or heat stress (HS; 35°) 
conditions. Mean ± S.E.M, n=8/trt 
b Transepithelial electrical resistance (TER) 
c Apparent permeability coefficient of FITC-Dextran transport (APP) 
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Table 2.3. The effects of 24 h of thermal neutral (TN) or heat stress (HS) conditions on 
intestinal glutamine transport and digestive enzymes in growing pigs. 
Parameter Environment
a P-value TN HS 
Ileum glutamine transport, Arbitrary Units      1.02 ± 0.31     1.93 ± 0.38   0.09 
Lactase activityb, µmol/min/g protein      2.21 ± 0.47     1.62 ± 0.44   0.37 
Sucrase activityb, µmol/min/g protein 43.5 ± 4.2 30.5 ± 4.2   0.05 
Maltase activityb, µmol/min/g protein 246.8 ± 12.1 187.0 ± 12.1 <0.01 
Aminopeptidase N, µmol/min/g protein      1.62 ± 0.17      1.95 ± 0.16   0.17 
a Pigs were exposed for 24 hr to either thermal neutral (TN; 21°C) or heat stress (HS; 35°) 
conditions. Mean ± S.E.M, n=8/trt 
 b Liberated glucose 
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Table 2.4. Ileum and serum inflammatory responses are differentially modulated after 24 
h of thermal neutral (TN) or heat stress (HS) conditions in growing pigs. 
Parameter Environment
a P-value TN HS 
Ileum    
    Interleukin 1β, pg/µg protein     144.0 ± 17.0 124.5 ± 17.0   0.43 
    Interleukin 8, pg/µg protein      418.2 ± 18.1  376.4 ± 17.0   0.12 
    Myeloperoxidase Activity, U/mg protein        9.0 ± 0.9  13.3 ± 0.7 <0.01 
Serum    
    Interleukin 8, pg/mL 1237 ± 118 548   ± 118 <0.01 
    Interleukin 1β, pg/mL      217.1 ± 54.8    82.5 ± 54.8   0.11 
    Tumor necrosis factor-α, pg/mL       53.1 ± 3.17    42.5 ± 3.17   0.03 
a Pigs were exposed for 24 hr to either thermal neutral (TN; 21°C) or heat stress (HS; 35°) 
conditions. Mean ± S.E.M, n=8/trt 
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Table 2.5. Primary antibody and source information for Western blot analysis 
Protein MW, kDa 1° dilution 1°  Source 2° dilution 
Mouse anti-HSP70a 70   1:1000 Novus Biologicals 1:10,000 
Mouse anti-HIF-1αb 120   1:1000 Thermo Scientific 1:10,000 
Rabbit anti-Claudin 3 22 1:750 Invitrogen 1:10,000 
Rabbit anti-Claudin 1 22 1:750 Invitrogen 1:10,000 
Mouse anti-Occludin 65-80   1:1000 Invitrogen 1:10,000 
Rabbit anti-GLUT2c 53-61 1:500 Chemicon International  1:10,000 
Rabbit anti-MLCKd 211 1:1000 Abcam 1:10,000 
Rabbit anti-SGLT1e 70-77 1:1000 Chemicon International 1:10,000 
Mouse anti-GAPDHf 36-38 1:1000 Biochain 1:10,000 
Rabbit anti-MCTg 34 1:1000 Santa Cruz Biotechnology 1:10,000 
Rabbit anti-c-Srch 60 1:500 Santa Cruz Biotechnology 1:10,000 
Mouse anti-CK II-αi 45 1:500 Santa Cruz Biotechnology 1:10,000 
    a Heat shock protein 70 (HSP-70) 
     b Hypoxia-inducible factor (HIF-1α) 
     c Glucose transporter 2 (GLUT2) 
     d Myosin light chain kinase (MLCK) 
     e Sodium-glucose transporter 1 (SGLT1) 
     f Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
     g Mast cell tryptase (MCT) 
     h Cellular-sarcoma (c-Src) 
     i Casein kinase II-α (CK II-α) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
83 
 
 
 
 
CHAPTER 3. HEAT STRESS INDUCED ACUTE CHRONOLOGICAL 
CHANGES IN PIG APPETITE AND INTESTINAL FUNCTION1 
 
Paper prepared for submission to the Journal of Animal Science 
 
S. C. Pearce*, M. V. Sanz-Fernandez*, J. Hollis#, L. H. Baumgard* and N. K. Gabler*2 
 
*Department of Animal Science, Iowa State University, Ames, IA 50011 
#Department of Food Science and Human Nutrition, Iowa State University, Ames, IA 
50011 
 
  
                                                
1 This project was supported by the USDA National Institute of Food and Agriculture, 
Agriculture and Food Research Initiative Competitive Grants no. 2011-67003-30007 (to 
L.H. Baumgard) and the Animal Health and Disease Research Capacity Grant Program, 
by State of Iowa funds 
2 Corresponding author: ngabler@iastate.edu 
84 
 
 
 
 
 
Abstract 
Acute heat stress (HS) and heat-stroke can be detrimental to health, well-being 
and performance of mammals such as swine.  Therefore, our objective was to 
chronologically characterize how a growing pig perceives and initially copes with a 
severe heat-load.  Crossbred gilts (n=32; 63.8 ± 2.9 kg BW) were subjected to HS 
conditions (37°C; 40% humidity) with ad-libitum intake for 0, 2, 4, or 6 h (n=8/time 
point).  Rectal temperature (Tr), respiration rates (RR) and feed intake was determined 
every 2 h.  Pigs were euthanized at each time point and fresh ileum and colon samples 
were mounted into modified Ussing chambers to assess ex vivo intestinal integrity and 
function.  Transepithelial electrical resistance (TER) and fluorescein isothiocyanate-
labeled dextran (4 kDa) permeability (FD4) were assessed.  As expected, Tr increased 
linearly over time (P < 0.01) with the highest temperature observed at 6 h HS.   
Compared to the 0 h pigs, RR increased (230%; P < 0.01) in the first 2 h and remained 
elevated over the 6 h HS (P <0.05).  Feed intake was dramatically reduced due to HS and 
this corresponded with significant changes in plasma glucose, ghrelin and glucose-
dependent insulinotropic peptide (P < 0.05).  As early as 2 h HS, ileum TER linearly 
decreased (P < 0.01), while FD4 linearly increased with time (P < 0.05).  Colon TER and 
dextran FD4 changed due to HS in quadratic responses over time (P = 0.05) similar to the 
ileum, but were less pronounced.  In response to HS, ileum and colon heat shock protein 
(HSP) 70 mRNA and protein abundance increased linearly over time (P < 0.05).  These 
data indicate that severe heat compromises feed intake and intestinal integrity within 2 h 
and the maximum deleterious effects occur at 4 h.   
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Introduction 
  Climate change and severe weather events are a global issue that impact efficient 
and sustainable animal and crop production and world food supply (Renaudeau et al., 
2012).  Average global temperatures are expected to increase by 4°C by 2100 and it is 
predicted that the number of days with high temperatures above 32°C is expected to 
increase in the United States (EPA, 2014).  Animal agriculture is severely affected by 
heat stress (HS) and the U.S. swine industry alone has been estimated to lose over $300 
million annually, and global loses are in the billions (St-Pierre et al., 2003).  The fiscal 
losses are still observed despite recent advances in cooling systems, barn management, 
and other heat abatement strategies.  Mortality is a major issue for livestock producers, 
especially during heat waves.  However, part of the economic distress originates in 
decreased carcass value (increased lipid and decreased protein content) and carcass 
processing problems (St-Pierre et al., 2003).    
Growing pigs are highly susceptible to HS which has also been shown to decrease 
performance (Pearce et al., 2013a; Song et al., 2011), nitrogen intake and nitrogen 
retention (Brestensky et al., 2012; Renaudeau et al., 2013).  Additionally, HS pigs have 
altered metabolic responses (reduced heat production) and feeding behavior compared to 
thermal neutral reared pigs (Renaudeau et al., 2013).  We have also reported that HS 
reduces feed intake in pigs and the deleterious consequences of HS may also be partially 
mediated by its effects on intestinal integrity (Pearce et al., 2013a; Sanz Fernandez et al., 
2014). 
The gastrointestinal tract is highly sensitive to hyperthermic challenges as HS 
mammals redistribute blood to the periphery in order to maximize radiant heat 
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dissipation.  As a result, the intestine receives reduced blood and nutrient flow and this 
can compromise the intestinal barrier.  HS increases intestinal permeability (Pearce et al., 
2013b; Pearce et al., 2013c) and leads to increasing concentrations of lipopolysaccharide 
(LPS) in portal and systemic blood (Hall et al., 2001b).  In turn, LPS can antagonize 
digestibility and protein retention in pigs (Mani et al., 2012; Rakhshandeh et al., 2012).  
Interestingly, the majority of studies addressed above have examined the long-
term (>24 h to 3 weeks) impact that HS has on a pigs’ physiology and performance.  
However, few studies have examined how pigs initially perceive and adapt to HS within 
the first hours. Therefore, our objective was to chronologically characterize how a 
growing pig perceives and initially copes with a severe heat-load.  Specifically, we 
examined chronological changes to appetite regulation and intestinal function as a result 
of acute HS exposure.   
 
Materials and Methods 
Animals and Study Design 
All procedures were reviewed and approved by the Iowa State University 
Institutional Animal Care and Use Committee.  To assess how growing pigs perceive and 
cope with a high thermal load, 32 crossbred gilts (63.8 ± 2.9 kg BW) were used in a serial 
time course slaughter study.  Gilts were randomly assigned to individual pens at the Iowa 
State University Swine Nutrition Farm.  All pigs were fed the same iso-energetic and iso-
nitrogenous diet formulated to meet or exceed the predicted requirements (NRC, 1998) 
for energy, essential amino acids, protein, minerals and vitamins (3,376 kcal/kg ME, 
0.80% SID lysine, 4.6% crude fat).  After a 4 d acclimation period to diets and pens, each 
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pig was assigned to 1 of 4 treatments based upon similar group BW.  The treatments 
included 2 thermal environments and 3 durations: Thermal neutral conditions (TN; 21°C; 
~70% humidity) for 6 h (n=8) or heat stress conditions (HS; 37°C; ~40% humidity) for 
either 2 h (n=8), HS 4 h (n=8) or HS 6 h (n=8).  All pigs had free access to feed and 
water at all times.  Each room’s temperature and humidity were continuously monitored 
and recorded every five minutes by a data recorder (Lascar® model EL-USB-2-LCD, 
Erie, PA).   
At the start of the experiment, all pigs were weighed and placed into their 
respective thermal climate conditions.  Pigs were weighed, snared and bled immediately 
prior to sacrifice at 2, 4, 6 h HS, or at 6 h TN (0 h HS).  Pigs were sacrificed using 
barbiturate overdose and exsanguination.  During the experimental period, thermal status 
(rectal temperature and respiration rate) and feed intake (FI) were recorded every two 
hours and final thermal neutral cumulative feed intake was represented over the 6 h 
period. 
Blood was obtained via jugular venipuncture immediately prior to sacrifice.   
Blood was collected for plasma and serum using 10 mL K2EDTA, 10 mL serum clot and 
5 mL lithium heparin vaccutainer tubes (BD®, Franklin Lakes, NJ).  Harvested blood 
was centrifuged at 1,300 x g for 15 min at 4oC.  Plasma and serum were obtained and 
subsequently transferred into 1.5 mL microcentrifuge tubes and stored at -80°C for later 
analysis.   
 Intestinal tissues were harvested immediately following euthanasia and included 
whole sections from both the proximal ileum (~2 m prior to the ileal-cecal junction) and 
distal colon (50 cm before the rectum).  Fresh sections of whole ileum and colon were 
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flushed of luminal contents, placed immediately into Krebs-Henseleit buffer (KHB; 
containing 25 mM NaHCO3, 120 mM NaCl, 1 mM MgSO4, 6.3 mM KCl, 2 mM CaCl2 
and 0.32 mM NaH2PO4, pH 7.4) under constant aeration and transported to the laboratory 
for mounting into Ussing chambers.  In addition, tissue samples were snap-frozen in 
liquid nitrogen and stored at -80°C until later analysis.  
Ussing chambers 
Ileal and colonic segments from each animal were mounted into modified Ussing 
chambers (Physiological Instruments and DVC 1000; World Precision Instruments, New 
Haven, CT) for determination of intestinal integrity and macromolecule transport.  Tissue 
samples were pinned and placed vertically into the chambers with the mucosal membrane 
facing one half of the chamber and the serosal membrane facing the other half.  Each side 
of the membrane was bathed in 4 mL of KHB and tissue was provided with a constant 
O2-CO2 mixture.  Individual segments were then voltage clamped (0 mV) and, after 30 
min of stabilization, transepithelial electrical resistance (TER) was calculated by 
averaging the current during the first 10 min of tissue stabilization (Gabler et al., 2007). 
Ileum and colonic segments were also assessed for 4.4 kDa macromolecule 
transport using fluorescein isothiocyanate labeled dextran (FD4, Sigma®, St. Louis, 
MO).  After 20 min of stabilization, KHB was replaced with fresh buffer on both the 
mucosal and the serosal sides of the chamber.  In addition, the mucosal side received 2.2 
mg/mL of FD4.  Samples from the serosal side were obtained in duplicate every 20 min 
for 120 min, read in a fluorescence spectrophotometer (495 nm excitation), and an 
apparent permeability coefficient calculated as previously described by Tomita et al., 
2004). 
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Western Blotting 
Whole cell protein from ileum and colon was extracted, separated by SDS-PAGE 
and semi-quantitative protein abundance of heat shock protein 70 (HSP70) and hypoxia 
inducible factor 1-α (HIF1α) determined as previously described (Pearce et al., 2013b; 
Pearce et al., 2013c). Ileum mucin 2 concentrations were determined using a 
commercially available ELISA (Porcine MUC 2 ELISA kit, MyBioSource, San Diego, 
CA) after whole ileum proteins were extracted using phosphate buffered saline (pH 7.2) 
containing protease inhibitors.  The sample protein concentration was determined using 
BCA assay (Pierce, Rockford, IL) and mucin 2 was expressed as ng of mucin 2 per mg of 
protein.  
mRNA abundance analysis.  
  Total RNA was isolated from ileum tissue using a commercially available kit 
(RNeasy fibrous tissue mini kit, Qiagen, Valencia, CA).  Total RNA was quantified and 
cDNA synthesized for real-time quantitative PCR as previously described (Pearce et al., 
2013c).  Real-time qPCR was performed using a BioMark™ HD system (Fluidigm 
Corporation, San Francisco, CA).  cDNA from tissues were used for specific target 
amplification using the TaqMan PreAmp Master Mix (Life Technologies) and loaded 
onto Fluidigm’s Dynamic Array Integrated Fluidic Circuits (IFC) according to 
Fluidigm’s EvaGreen DNA binding Dye protocols.  Gene symbols, accession numbers 
and primer sequences are listed in Table 3.5.  One 48.48 Dynamic Array IFC plate was 
used to analyze mRNA abundance of selected genes in porcine ileum and colon mucosal 
scraping tissues.  Four genes (RPL32, ACTB, TOP2B and GAPDH) were included into 
the qPCR array to select for endogenous reference genes.  The mRNA abundance values 
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for each sample were normalized to RPL32 according to the 2ΔΔCT method (Livak and 
Schmittgen, 2001). 
Histology 
Whole ileum samples fixed in formalin were sent to the Iowa State University 
Veterinary Diagnostic Laboratory for sectioning and hematoxylin and eosin staining. 
Using a microscope (DMI3000 B Inverted Microscope, Leica Microsystems, 
Bannockburn, IL) with an attached camera (12-bit QICAM Fast 1394, QImaging, 
Surrey, BC, Canada), images were taken of 10 oriented villi and crypts per section 
over three sections.  Each image was measured for villus height and crypt depth.  
Finally, the averages of 12 villi and crypts were calculated and reported as one 
number per pig.  Images of individual villi and crypts were obtained using Q-capture 
Pro 6.0 (QImaging, Surey, BC) and measurements were taken using Image-Pro Plus 
7.0 (Media Cybernetics, Bethesda, MD). 
Blood analyses 
Blood from the lithium heparin vacutainers was immediately analyzed via an i-
STAT® handheld blood analyzer (EC8+ cartridge, Abaxis, CA).  Analysis included 
measurement of sodium, potassium, chloride, TCO2, PCO2, HCO3, pH, glucose, blood 
urea nitrogen, hemoglobin, hematocrit, anion gap, and base excess of the extracellular 
fluid.  
Plasma insulin was analyzed in duplicate using an ELISA kit solid phase 2-site 
enzyme immunoassay based on the sandwich technique (Mercodia Porcine Insulin 
ELISA, ALPCO Diagnostics, Salem, NH) validated in our laboratory. The assay 
contained 5 calibrators as well as internal serum pools with low, intermediate, and high 
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porcine insulin concentrations.  The assay was conducted in 96-well microplates and read 
at 450 nm using a Synergy 4 microplate reader (Bio-Tek, Winooski, VT).  
Plasma non-esterified fatty acids (NEFA) concentrations were determined using a 
commercially available kit (Wako HR Series NEFA-HR, Wako Diagnostics, Richmond, 
VA).  Plasma urea nitrogen (PUN) was analyzed using a commercially available kit 
(Quantichrom Urea Assay Kit, BioAssay Systems, Hayward, CA).   
Plasma samples were analyzed for lysozyme activity using a commercially 
available kit.  Lysozyme activity was determined using the EnzChek® fluorescent assay 
which measures the lysozyme activity on Micrococcus lysodeikticus cell walls 
(Invitrogen - Molecular Probes, Carlsbad, California).  Fluorescence was measured in a 
Synergy 4 microplate reader (Bio-Tek, Winooski, VT) with excitation emission 
wavelengths of 485 and 530 nm.  Activity was calculated using a standard curve 
constructed from assay standards. The assay detection range was 0 - 500 U/mL. 
Alkaline phosphatase activity was measured using a commercially available kit.  
The QuantiChrom™ assay is a kinetic based assay (Bioassay systems, Hayward, CA).  
Briefly, 50µL of sample was added to a 150µL working solution containing magnesium, 
acetate, p-nitrophenyl phosphate and assay buffer.  Samples were read in a 96 well plate 
at 405 nm at t = 0 and again after 4 min on a Synergy 4 microplate reader (Bio-Tek, 
Winooski, VT).  Further, serum tumor necrosis factor-α (TNF-α) was measured also 
using a commercially available ELISA kit (Quantikine® Porcine TNF-α, catalog number 
PTA00, R&D systems, Minneapolis, MN, USA).  Serum Haptoglobin samples were 
analyzed using a commercially available ELISA (ALPCO diagnostics, Salem, NH).  
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Plasma LPS Binding Protein (LBP) concentrations were determined using a 
commercially available ELISA (LBP human ELISA kit, Hycult Biotech, Plymouth 
Meeting, PA).  Serum endotoxin concentrations were determined using a commercially 
available kit validated for use in our laboratory.  Endotoxin concentrations were 
determined in triplicate using a recombinant Factor C (rFC) endotoxin assay with a 
1/1000 dilution factor for porcine plasma samples (PyroGene® Recombinant Factor C 
Endotoxin Detection System, Lonza, Walkersville, MD).  The procedure was conducted 
in 96-well microplates, and fluorescence was measured at time 0 and after 1 h incubation 
at 37°C.  The plates were then read under fluorescence using a Synergy 4 microplate 
reader (Bio-Tek, Winooski, VT) with excitation/emission wavelengths of 380/440nm.  
Relative fluorescence unit (RFU) was determined, and concentration of endotoxin was 
interpolated from the standard curve.  Endotoxin concentrations (RFU) were expressed as 
arbitrary units.   
To determine the plasma concentration of hormones related to appetite and 
glycemia, 4 ml of blood was drawn into EDTA-coated vacutainer tubes and immediately 
mixed with 400 µl of 10,000 KIU (1·4 mg)/ml aprotinin and centrifuged at 3,000 x g at 4 
oC for 15min.  The plasma was then divided into aliquots and stored at -80C until 
analysis.  Glucose-dependent insulinotropic peptide (GIP) was assayed using RIA using 
1:5000 rabbit anti-human GIP antibody (Phoenix Pharmaceuticals); the assay had a 
detection range of 0·1–6·4ng/ml, with intra-assay CV of 7% and inter-assay CV of 12% 
at 0·5ng/ml.  Plasma cholecystokinin (CCK) was assayed by RIA using rabbit anti-CCK-
8 antibody 92128 diluted in the ratio 1:800 (Phoenix Pharmaceuticals).  The assay was 
able to measure plasma CCK concentration from 4 to 128pg/ml.  The intra-assay CV was 
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8% and inter-assay CV was 15% at 50pg/ml.  Ghrelin was analyzed by RIA using 
antibody T-4745 purchased from Bachem.  The assay had a determination range from 
0·05 to 12·8ng/ml. The intra-assay CV was 10% and inter-assay CV was 7% at 0·5ng/ml. 
125I-Tracers used for RIA were purchased from PerkinElmer. 
 
Statistical analyses 
All data were statistically analyzed using the PROC MIXED procedure of SAS 
version 9.2 (SAS Inst. Inc. Cary NC).  Data are reported as LSmeans and considered 
significant if P ≤ 0.05 and a tendency if 0.05 > P ≤ 0.10.  The model included comparison 
time (0, 2, 4, 6 h HS) as a fixed effect.  Additionally, linear and quadratic contrast 
statements were utilized to further examine parameter changes over time.  For hourly 
measurements, (Tr, RR) each animal’s respective parameter was analyzed using repeated 
measures with an auto regressive covariance structure and time as the repeated effect.  
The repeated measures model utilized fixed effects of treatment, time, and treatment by 
time.  
 
Results 
Phenotypic measures 
Pig rectal temperatures increased from 39.2°C to 41.2°C from 0 to 2 h of heat 
stress (2°C increase) and remained elevated throughout the 6 h period (P < 0.01; Figure 
3.1a).  However, there was no change between 2, 4, and 6 h of HS (P > 0.05).  
Respiration rates more than doubled from 0 to 2 h of HS (50.5 vs. 119.5 bpm; P < 0.01; 
Figure 3.1b).  However, again there was no difference between 2, 4, and 6 h of HS (P > 
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0.05).  Feed intake was measured every 2 h for 6 h and the 0 h HS pigs ate 1.1 kg in 6 h 
(Figure 3.1c).  As expected, FI was dramatically reduced due HS at 2, 4 and 6 h 
compared to the TN pigs (P <0.05, Figure 3.1c).  However, feed intake did not differ 
between 2, 4, and 6 h of HS (P > 0.05).  Approximately, an 80% reduction in FI was 
observed between the TN group at 6 h and the 6 h HS group (P < 0.05).  The TN pigs 
gained 1.01 kg BW over the 6 h period, while HS pigs at each time point lost 
significantly more weight in a linear manner (-1.03, -2.38, and -3.00 kg respectively; P < 
0.05 data not shown).   
 
Protein expression 
To assess the stress response to HS, ileum HSP70 and HIF1α protein expression 
was measured (Figure 2).  There were no significant changes in ileum HSP70 and HIF1α 
protein expression between the TN and HS pigs (P > 0.05; Figure 3.2).  However, there 
was a significant linear increase (P < 0.05; Figure 3.2) in ileum HSP70 expression, but 
not HIF1α over time.  Colon HSP70 protein expression was significantly increased 
starting at 2 h HS and remained significantly elevated until 6 h compared to the TN 
controls (P < 0.05; Figure 3.2).  Colon HIF1α was not different due to HS duration, 
however there was a tendency (P = 0.06) for a linear increase in expression over time.   
 
Appetite regulation and blood metabolites 
There was a linear increase in plasma CCK levels (P < 0.05, Table 3.1).  Plasma 
GIP also was significantly decreased over time in a linear manner due to HS (P < 0.05, 
Table 3.1).  Compared to the TN pigs, a 55.9% reduction was recorded after 2 h HS (P 
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<0.05) and then this was reduced by 81% after 4 and 6 h HS (P < 0.05; Table 3.1).  
Ghrelin increased in the blood linearly as HS duration increased (P = 0.02).  Compared to 
the TN control pigs, this increased 140% by 6 H HS (P < 0.05).  Plasma insulin, NEFA, 
and PUN concentrations did not differ across time (P > 0.05; Table 1).  However, there 
was a significant HS time effect on plasma glucose concentrations (P < 0.05; Table 3.1).  
Plasma glucose was significantly increased 120% at 2 and 4 h HS compared to the TN 
control pigs (P < 0.05), but was not different at 6 h HS.  
 
Ex vivo intestinal integrity and histology measures 
 Ileum TER was decreased due to HS, irrespective of duration (38%; P < 0.05).  
These findings where mirrored by the Ileal FD4 permeability which was significantly 
increased in the HS pigs compared to the TN controls (34.8 vs. 2.9 µg/mL/min/cm2, 
respectively, P < 0.05; Table 3.2).  Again, no differences in FD4 permeability between 2, 
4 or 6 h HS durations were observed.   Colon TER and APP were not significantly altered 
due to HS in this short period of time (P > 0.05; Table 3.2). 
There was a linear decrease (P < 0.05; Table 3, Figure 3.3) in the ileum villi 
length due to HS compared to the TN controls, and this reduction in height was more 
severe as HS duration increased (P < 0.05).  Compared to the TN controls, the largest 
decrease occurred at 6 h HS (37.6% lower).  Ileum crypt depth tended to increase was HS 
duration compared to the TN crypts (P = 0.09; Table 3.3, Figure 3.3).  The ratio of villi 
height to crypt depth was significantly decreased by HS (P < 0.05; Table 3.3, Figure 3.3); 
again with the largest decrease occurring at the 6 h time point (34.7% lower; P < 0.05).  
To further assess changes in ileum integrity, mucin 2 protein expression was examined 
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and shown to be increased (67%) at only 6 h compared to the TN, 2 and 4 h HS groups (P 
< 0.05; Figure 3.4). 
 
 Blood inflammatory markers 
Plasma LPS-binding protein (LBP) was decreased 29.3% (P < 0.05; Figure 3.5) at 
2 h HS pigs compared to TN pigs.  Plasma LBP was also decreased at 4, and 6 h (26.4 
and 43.9% respectively; Figure 3.5) but it was not significantly altered between the three 
HS time points (P > 0.05).  Serum endotoxin was not significantly altered due to HS (P > 
0.05; Figure 3.5).  However, there was a tendency (P = 0.10) for a linear increase in 
serum endotoxin over time.  There were no significant differences in plasma lysozyme, 
serum haptoglobin, or serum alkaline phosphatase concentrations (P > 0.05; Table 3.3) 
between duration of HS.  There was a quadratic effect of HS on serum TNF-α 
concentration (P < 0.05).  At 2 h of HS, TNF-α blood concentrations were decreased 
compared to TN, but by 4 h HS these concentrations were similar to TN values.  
However, again at 6 h, concentrations decreased (28.8%; P < 0.05; Table 3.3).  
Compared to the TN control pigs, plasma sodium was increased due to HS, 
irrespective of time (P < 0.05; Table 3.4) and in a linear manner (P < 0.05).  Potassium 
was decreased due to HS, irrespective of time and in linear fashion (P < 0.05; Table 3.3).  
Chloride was also altered due to HS, again irrespective of time point (P < 0.05; Table 
3.3).  Blood pH was increased from 7.39 at 0 h HS to 7.49 at 2 h HS (P < 0.05; Table 
3.3), and remained elevated at 4 and 6 h HS.  Partial CO2 was linearly decreased due to 
HS duration (P < 0.05; Table 3.3).  There were no differences in hematocrit, bicarbonate, 
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anion gap, hemoglobin, or base excess of the extracellular fluid (BEecf) due to HS (P > 
0.05; Table 3.3).   
Ileal mRNA abundance 
Changes in ileum tissue mRNA abundance due to 2-6 h of HS is reported in Table 
3.4.  As expected, HS induced a rapid transient increase in HSP27, 70 and 90AA1 (P 
<0.05). However, the transcription factor HSF1 mRNA was not different across 
treatments (P = 0.45).   Hypoxia inducible factor 1-α (HIF1A) tended (P = 0.09) to 
decrease by 6 h while there were no changes to HIF2.   There were no time, linear, or 
quadratic differences with HMOX1 or AOAH (P > 0.05).  There was a quadratic trend (P 
= 0.07) for ATP1A1 to be highest at 4 h and then decrease at 6h.  There was also a linear 
trend (P = 0.08) for CLDN3 to be increased over time.  There were no differences in 
occludin or MYLK (P > 0.05).  For MCT7 there was a linear trend (P = 0.07) to increase 
over time.  Mucin 2 (MUC2) gene expression had trends for both linear and quadratic (P 
= 0.06) as it increased at 2 h and quickly fell below baseline levels by 4 and 6 h.   There 
was a tendency a quadratic trend for MUC4 to be increased by 2 h and then decreased by 
4 and 6 (P = 0.06).  Ubiquitin (UBB) gene expression was increased   (P < 0.05) in HS 
pigs by 2 and 4 h, however returned to baseline levels by 6 h.  There were no changes in 
IAP, ITGB1, TGFB1, IL1B, IL6, SLC5A1, or SLCA2 gene expression (P > 0.05). 
 
Discussion 
Although HS has clearly been shown to alter pig performance and health indices, 
there is limited data characterizing how pigs first perceives and copes with a high 
ambient heat load.  Characterizing the early hours of HS or heat stroke is critical for 
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determining future prevention and/or mitigation strategies.  Therefore, we examined 
chronological changes in appetite, intestinal function and integrity in growing pigs over a 
6 h HS period (constant 37°C; 40% humidity).  These conditions were chosen in order to 
mimic the physiological response to a short, but severe heat stress load that was well 
above the pig’s upper critical temperature range.  Thus, by design, pigs experienced a 
heat-load well above their thermal comfort zone, and this resulted in a marked increase in 
body thermal indices.  The average difference in Tr between TN pigs and HS pigs was 
2.1°C as are consistent with what has been previously reported (Johnson et al., 2013).   
As expected, exposure to HS caused a sharp decrease in FI and BW.   This is a 
significant amount of weight loss in such a short time, and we think that much of this is 
likely due to reduced gut fill, but also may be due to changes in basal metabolic rate, 
increased motility, and water loss.  The percentage of feed intake decrease and body 
weight loss are much higher than observed in other studies (Collin, 2001; Renaudeau et 
al., 2008), but we believe this is due to the severity of our heat load and may be related to 
appetite regulation.   
Reduced feed intake is a highly conserved response amongst species under HS.  It 
is thought that animals reduce feed intake in order to reduce metabolic heat production as 
this has been shown in previous research (Renaudeau et al., 2013) and that neuropeptide 
secretions from the hypothalamus and intestines may also be involved.  Previous studies 
in heat-stressed broilers found that mRNA levels of ghrelin increased in the stomach and 
intestines after acute HS, together with a decrease in CCK mRNA abundance in the 
duodenum and hypothalamus (Lei et al., 2013; Song et al., 2012).  The reduction in feed 
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intake due to HS may be mediated mainly by activation of peripheral ghrelin secretion 
(Lei et al., 2013).   
In agreement with the previous work done in poultry, we report herein, a decrease 
in GIP.  This hormone reduces gastric motility, blocks gastric secretion, as well as 
induces insulin secretion, and stimulates lipoprotein lipase activity (Ugleholdt, 2011).  A 
decrease in GIP would mean increased gastric motility and gastric secretion.  We also 
observed an increase in circulating ghrelin concentrations.  Ghrelin is secreted when the 
stomach is empty and increases hunger signals as well as gastric acid secretion and 
increases gastrointestinal motility (Sobrino Crespo et al., 2014).  Our ghrelin data also 
points to an increase in gastric motility and acid secretion as ghrelin is secreted when the 
stomach is empty and increases gastric acid secretion and gastrointestinal motility.  
Finally, cholecystokinin was also decreased linearly due to HS in the current study.  This 
hormone is normally responsible for inhibiting gastric emptying and gastric acid 
secretion.  It also stimulates digestive enzyme secretion from the pancreas (Dockray, 
2012).   
This brain-gut signaling may be a conserved way to signal to the animal that 
eating during HS is detrimental as it increases metabolic heat production.  Although our 
sampling procedures were not tightly controlled (animals were fed ad-libitum, only one 
sampling time point per animal) for measuring neuropeptides, we believe this still 
provides new insight on appetite signaling during HS in the pig.   
The deleterious effects of HS are mediated, at least in part, by its effects on 
gastrointestinal health and function. During HS, blood flow is diverted from the 
splanchnic system to the skin in an attempt to dissipate excess heat (Lambert, 2009).  
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Reduced blood flow and hyperthermia lead to hypoxia and oxidative and nitrosative 
stress in the enterocyte (Lambert, 2004; Pearce et al., 2013c).  As a result, cell 
membranes and tight junctions can be damaged, leading to an increase in intestinal 
permeability and this is also known as “leaky gut” (Lambert et al., 2002).  This was 
clearly evident in our 6 h HS histology images in which HS increased autolysis of the 
ileum epithelium. Heat stress induced damage to the intestines has been shown to 
increase the passage of high molecular weight substances and pathogens, including LPS 
and other bacterial components from the lumen (Pearce et al., 2013b).  Interestingly, we 
have now shown these changes in intestinal integrity are occurring as early as 2 h post 
HS, particularly in the small intestine.  
In rodents, HS significantly affects small intestinal permeability of FD4 (Lambert 
et al., 2002).  Even within a short time period (60 minutes) heat stressed rodents at 41.5-
42°C core temperature had increased FD4 permeability.  This was consistent across all 
areas of the intestinal tract, with the lowest permeability seen in the colon (Lambert et al., 
2002).  This similarly fits with our data as we see greater permeability at 6 h in the ileum, 
compared to colon.  The magnitude of the TER change we observed was somewhat 
similar to a previous study in large size pigs (Albin et al., 2007).  Histologically, as 
quickly as 30 min of severe HS (41.5-42°C) has been shown to cause sloughing of villi 
tips and by 60 min entire epithelial sheets sloughing, as well as denuded villi in rodents 
(Lambert et al., 2002).  Electron micrographs at the same time points also showed 
massive intracellular swelling and damage to microvilli by 60 min of HS (Lambert et al., 
2002).  Our data suggests that in pigs exposed to HS, as early as 2 h we observed villi 
shortening of and by 4-6 h we see epithelial sloughing, autolysis, and linear lamina 
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separation.  This fits similarly with heat-stressed mice which had lesions in the small 
intestine (Leon et al., 2006), and also with those reported in heat stroke cases in which 
endotoxemia was observed (Hall et al., 2001b; Lambert et al., 2002).  Regionally, heat-
stroke in mice appears to affect the upper small intestine (duodenum, jejunum) more 
severely than the ileum, and this matches up with higher permeability of FD4 in the 
proximal vs. distal areas of the small intestine (Novosad et al., 2013).  Systemically, 
changes in intestinal integrity were accompanied by an increase in circulating endotoxin.  
Increased circulating endotoxin during HS has been reported in several previous studies 
(Hall et al., 2001a; Lambert, 2008; Pearce et al., 2013b; Wang et al., 2011) and our 
current results fit with previous data.  Interestingly, we also observed a decrease in 
circulating LBP.  LPS-binding protein is an acute phase protein, which interacts and 
binds LPS molecules, subsequently presenting them to CD14 to initiate an immune 
response (Lu et al., 2008).  We hypothesize that a free form of circulating LBP is 
decreased over time as endotoxin increases and is being bound up by LBP molecules. 
Similar to our previous work (Pearce et al., 2013c), we reported no changes in 
small intestinal mRNA abundance of tight junction proteins (except for an increase 
claudin-3 expression) due to HS, even though we report an attenuated integrity 
phenotype.  However, in vitro data has shown that protein expression of tight junction 
proteins was negatively affected in a time dependent manner due to a 41°C heat 
exposure.  As early as 8-12 h, occludin protein expression is increased in Caco-2 cells 
while ZO-1 is decreased (Dokladny et al., 2006).  Additionally, occludin expression in 
Caco-2 cells exposed to 41°C was increased as early as 4 h while ZO-1 started to 
decrease at 6 h (Dokladny et al., 2008).  These data suggest that changes mRNA 
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abundance of tight junction proteins due to HS may be more related to the protein 
phenotype, than transcriptional.  Interestingly, although TER decreased as early as 2 h in 
the current study, we did not observe an increase in ileal mucin 2 until 6 h and this was 
corroborated by an increase in mucin 2 gene expression.  Mucin 2 is a main secretory 
form of mucin, which is secreted from intestinal goblet cells and acts as a protective 
barrier for the intestine.  During ischemia, mucin addition to intestinal epithelial cells has 
been shown to improve intestinal permeability in rodent small intestine (Chang et al., 
2012) and in heat-stressed chickens, mucin producing goblet cells are increased in the 
ileum (Ashraf et al., 2013).  Our increase in mucin expression may be a compensative 
mechanism to try and combat the decrease in intestinal integrity.  Another integrity 
related gene, which was increased due to HS, was integrin β-1.  Integrins are a family of 
transmembrane proteins involved in cell structure and are expressed in intestinal mucosa.  
A previous study using a necrotizing enterocolitis model showed that enterocyte 
migration is inhibited by LPS via increased expression of integrin proteins, thus 
impairing intestinal restitution after injury (Qureshi et al., 2005). 
A classical response to heat stress can be observed through the heat shock 
response orchestrated through HSP.  Heat shock proteins are molecular chaperones, 
which aid in protein folding and cell survival under stress.  In the present study, we 
observed a transient increase in the mRNA and protein expression of several HSPs 
including 27, 70, and 90 and an increase in protein expression in the ileum and colon of 
HSP 70.  Dokladny et al., (2006), has shown HSP70 protein expression up regulated 
within 2 h of heat exposure in Caco-2 cells, with the maximal levels by 4-8 h.  A similar 
pattern was shown in the same study with HSP27, HSP40, and HSP90.  Heat shock 
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proteins prefer to localize in the more severe microenvironments such as the acidic 
stomach, or the highly bacterial colon (Tanguay et al., 1993).  This may partially explain 
why we have higher expression in the colon compared to the ileum.  Also, differences in 
HSP accumulation between varying tissues may be related to actual tissue temperature 
differences, as the temperature of internal organs during HS may be lower than peripheral 
tissues such as muscle (Flanagan et al., 1995).  Interestingly, in terms of HSP72 
specifically, liver, small intestine, and kidney were affected before other peripheral 
tissues such as brain and muscles (Flanagan et al., 1995), supporting the notion that the 
intestines are one of the first and more susceptible organs negatively impacted by a 
severe heat-load.   
In the current study, we also observed changes to hypoxia-inducible factor protein 
and gene expressions.  Under hypoxic conditions, HIF 1-α is rapidly upregulated to 
support many aspects of cell survival (Eltzschig and Carmeliet, 2011).  Protein 
expression of HIF 1-α increased in both the ileum and colon of HS pigs while gene 
expression of HIF 1-α decreased.  Although the gene expression data did not match our 
protein data, we have reported a similar upregulation of this protein in a previous HS 
study (Pearce et al., 2013b). 
Heat stress markedly alters protein metabolism in a number of animal species 
independent of feed intake reduction (Kamiya et al., 2006; Wheelock et al., 2010).  In this 
study, HS increased PUN and this agrees with previous studies in cows (O'Brien et al., 
2010; Wheelock et al., 2010).  Urea is synthesized in the liver from ammonia generated 
from both exogenous (i.e. dietary) and endogenous (i.e. skeletal muscle) protein 
catabolism.  Additionally, previous heat stress studies have shown an increase in 3-
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methylhystidine, a better marker of muscle catabolism (Pearce et al., 2013a; Yoshizawa 
et al., 1997).  In the current study we did not observe changes in PUN over the 6 h period.  
Interestingly, in the current study we observed an increase in blood glucose, especially 
early on and despite the reduction in feed intake.  This would indicate that blood glucose 
is maintained in the face of reduced nutrient availability and this is likely due to an 
increase in glucose transport (Pearce et al., 2013b) or hepatic glycogenolysis.  Short-term 
heat stress (4 h) in rodents has been shown to induce a reduction in blood glucose levels, 
without damage to the liver, showing that the liver is not responsible for the reduction in 
blood glucose (Leon et al., 2006).  In general, the data on blood glucose changes during 
HS varies and lacks consistency.   
In conclusion, the first 6 h of a severe-heat load are critical to understanding the 
mechanisms behind heat stress.  Many pathways are up regulated very early on during 
heat stress and this may provide opportunities to target these pathways for mitigation 
strategies.  We see increased intestinal permeability, epithelial damage, expression of 
stress proteins, circulating endotoxin and catabolic markers. We also have shown for the 
first time in pigs that HS negatively affects appetite regulation. Understanding how a pig 
or mammal perceives heat stress provides novel information in the field of heat stress 
biology in pigs.   
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Figure 3.1. Chronological effects (0 – 6 h) of heat stress exposure (37°C; ~40% 
humidity) on A) rectal temperature, B) respiration rates, and C) feed intake. 0 h heat 
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stress treatment represents 6 h of thermal neutral (21°C; ~70% humidity) data collection. 
n=8/time point.  a,bP < 0.05. 
 
                                                       
 
 
                                   
 
Figure 3.2. Temporal effects of 0, 2, 4 or 6 h of heat stress exposure (37°C; ~40% 
humidity) on A) ileum and B) colon heat shock protein 70 (HSP-70) and hypoxia 
inducible factor-1 (HIF1α) protein expression. 0 h heat stress treatment represents 6 h of 
thermal neutral (21°C; ~70% humidity) data collection. n=8/time point and all semi-
quantitative data was adjusted relative to GAPDH expression. a,bP < 0.05. 
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Figure 3.3. Temporal changes in the ileum morphological due to heat stress (37°C; ~40% 
humidity). A) 0 h heat stress exposure, B) 2 h, C) 4 h and D) 6 h heat stress exposure. 
Note the shortening of the villi length and increased autolysis of the villi tips as the 
duration of heat stress exposure escalates. The black arrows indicate areas of autolysis. 0 
h heat stress treatment represents 6 h of thermal neutral (21°C; ~70% humidity) data 
collection 
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Figure 3.4. Effects of 0, 2, 4 or 6 h of HS conditions (37°C; ~40% humidity) on ileal 
mucin 2 protein expression. 0 h heat stress treatment represents 6 h of thermal neutral 
(21°C; ~70% humidity) data collection. n=8/time point. a,bP < 0.05 
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Figure 3.5. Effects of 6 h thermal neutral conditions (21°C), or 2, 4, or 6 h of HS 
conditions (37°C; ~40% humidity) on serum endotoxin and plasma LPS-binding protein 
(LBP) concentrations. 0 h heat stress treatment represents 6 h of thermal neutral (21°C; 
~70% humidity) data collection n=8/time point. a,bP < 0.05. 
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CHAPTER 4. DIETARY ZINC ATTENENUATES HEAT-STRESSED INDUCED 
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Abstract 
Heat stress (HS) negatively affects intestinal integrity and function and zinc is 
involved with multiple aspects of epithelial cell regeneration.  We have previously 
demonstrated that feeding ZnAA above dietary requirements partially ameliorates the 
negative effects of HS on intestinal permeability.  However, whether feeding ZnAA at 
requirement levels has any benefits over inorganic Zn forms (ZnSO4) remains unknown.  
Crossbred gilts (n=32; 64±3 kg BW) were individually penned in thermal neutral (TN) 
conditions and fed ad libitum 1 of 2 diets for 17d: 1) 120 ppm of Zn from ZnSO4 (CON); 
or 2) 60 ppm from ZnSO4 + 60 ppm from organic zinc (ZnAA).  After 17d, CON pigs 
were exposed to either TN conditions (21°C; 70% humidity) with ad libitum intake (TN-
CON, n = 8), HS conditions (37°C; 40% humidity) with ad libitum intake (HS-CON, n = 
8), or pair-fed in thermal-neutral conditions (PFTN; n = 8); while ZnAA fed pigs were 
only exposed to HS conditions (HS-ZnAA, n = 8).  Pigs were sacrificed after 12h of 
environmental exposure and blood markers of bioenergetics and stress determined, and 
ileum and colon permeability were assessed by Ussing chamber transepithelial resistance 
(TER) and FITC-dextran (FD4) permeability.  As expected, HS-CON and HS-ZnAA fed 
pigs had markedly increased (P < 0.01) rectal temperature (Tr), however, HS-ZnAA fed 
pigs had lower Tr compared to HS-CON pigs (P < 0.05).  Compared to TN-CON and 
PFTN fed pigs, HS increased respiration rates (>3 fold, P < 0.05).  Overall, feed intake 
and body weight were reduced in HS compared to TN pigs (P < 0.05).  Both HS and 
PFTN pigs had increased (>3 fold) ileal FD4 permeability compared to TN pigs (P < 
0.01).  However, HS-ZnAA ileum permeability did not differ from either TN or HS pigs.  
HS and PFTN ileal TER decreased by 31% compared to TN pigs (P < 0.01), but 
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compared to HS-CON, HS-ZnAA fed pigs had increased TER (30.2%; P = 0.05).  Under 
this short duration of HS, colon permeability and TER were not altered.  Plasma LPS-
binding protein (LBP) was decreased 50% (P < 0.05; Table 3) in HS-CON pigs compared 
to TN-CON pigs.  Interestingly, HS-ZnAA pigs had similar LBP concentrations as TN-
CON pigs (P > 0.05; Table 3).  Serum endotoxin was increased in both PFTN-CON and 
HS-CON pigs (250 and 400% respectively; P < 0.05; Table 3).  Intriguingly, HS-ZnAA 
pigs had similar endotoxin concentrations compared to TN-CON pigs.  In summary, both 
HS and reduced feed intake compromised intestinal integrity and feeding supplemental 
ZnAA partially ameliorated the negative effects of severe and acute thermal stress. 
 
Introduction 
Both humans and livestock are negatively affected by high ambient temperatures, 
which can cause heat-related illness and mortality.  In 2003, over 50,000 Europeans died 
during an especially hot summer (1, 2).  More recently, approximately 11,000 deaths 
were attributed to a Russian heat wave in the summer of 2010 (3).  There are few known 
strategies to treat heat stroke patients (4), or to prevent heat-stressed induced livestock 
production losses.  Therefore, identifying possible nutritional mitigation strategies may 
provide options for both human medicine and animal agriculture.   
Heat-stressed mammals redistribute blood to the periphery in an attempt to 
maximize radiant heat dissipation, and this reprioritization of blood flow is supported by 
a coordinated vasoconstriction of the gastrointestinal tract (5).  Consequently, the reduced 
blood and nutrient flow to the intestinal epithelium compromises integrity of the 
intestinal barrier (6).  Intestinal tight junction protein complexes are necessary for normal 
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barrier function and their altered synthesis is implicated in certain types of stress 
(including HS), which can lead to increased intestinal permeability (7).  This enhanced 
permeability is characterized by endotoxemia, which initiates an immune response, and 
activates intestinal and hepatic detoxification mechanisms (8).  We have previously 
reported that both HS and reduced feed intake decrease intestinal integrity and increase 
endotoxin permeability in growing pigs (9) and that increasing amounts of dietary zinc 
can ameliorate this (12).   
Physiologically, zinc is an activator and integral part of many enzymes and 
metalloenzymes, thus it influences acid-base balance, immune competence and basic 
cellular functions (10, 11).   Zinc is also essential for normal intestinal barrier function 
and the regeneration of injured intestinal epithelial tissue (12).  In accordance, dietary 
zinc can improve small intestinal morphology and attenuate bacterial translocation (13).  
Further, in both biomedical and livestock studies, dietary zinc has been shown to improve 
and prevent reductions in intestinal integrity during malnutrition (14), ethanol-induced 
intestinal damage (5), chronic inflammatory bowel diseases (15), heat stress (16), and 
infectious diarrhea (12).  Supplemental zinc also reduces intestinal permeability of piglets 
during weaning (17) and incidences diarrhea in several species (11).  The aforementioned 
affects on intestinal health may be one of the reasons why feeding pharmacological 
quantities of zinc promotes growth (3, 4).  Dietary zinc can be offered in either an 
inorganic (ZnSO4 or ZnO) or various organic forms including one complexed with animo 
acids (Zn-amino acid complex, [ZnAA]) forms, with the latter perceived as having 
greater bioavailability (18, 19).  Therefore, based on its biological functions, ZnAA is an 
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attractive nutriceutical for alleviating the negative effects of intestinal related stresses in 
humans and livestock (20, 21).   
Therefore the study objective was to evaluate whether ZnAA source (organic 
verses inorganic) mitigates changes in HS-induced intestinal integrity, endotoxin 
permeability and intestinal injury in a severe and acute heat-stressed pig model.  
Additionally, the study was designed to further examine the impact of reduced caloric 
intake on intestinal function and integrity, independent of heat. We hypothesized that 
feeding a more bioavailable zinc source would improve intestinal barrier function during 
a severe heat load.   
 
Materials and Methods 
Animals and Study Design.  
All procedures were reviewed and approved by the Iowa State University 
Institutional Animal Care and Use Committee.  Thirty-two crossbred gilts (63.8 ± 2.9 kg 
body weight) were assigned to 1 of 2 dietary treatments at the Iowa State University 
Swine Nutrition Farm based upon initial body weight (BW).  All pigs were fed an iso-
energetic and iso-nitrogenous diet formulated to meet or exceed the predicted 
requirements (NRC, 1998) for energy, essential amino acids, protein, minerals and 
vitamins (Table 1).  Twenty-four pigs were fed a diet containing 120 ppm inorganic zinc 
sulfate (CON diet), while eight pigs received a diet containing 60 ppm ZnSO4 and 60 
ppm AvailaZinc 100™ (ZnAA; Zinpro Corporation, Eden Praire, MN, USA).  Pigs were 
fed their respective diets for ~17 d prior to the start of the experimental period.  During 
this time, all animals were group housed (4 pigs/pen) according to their dietary treatment 
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and reared under thermal neutral (TN) conditions (21-24°C; 50-70% humidity).  
Thereafter, pigs were moved to individual crates and allowed 3 d to acclimate prior to 
their respective environmental exposure.   
At the beginning of the 12 h experimental period, half of the pigs continued to 
experience constant TN conditions while the other half of the pigs experienced a constant 
and severe thermal load for 12 h.  Experimental treatments consisted of: 1) pigs fed the 
CON diet ad libitum and exposed to HS (37°C; ~40% humidity) (HS-CON, n=8); 2) pigs 
fed the ZnAA diet ad libitum and reared under HS (37°C; ~40% humidity) (HS-ZnAA, 
n=8); 3) pigs remained in constant TN conditions (21°C; ~70% humidity) and fed ad 
libitum (TN-CON, n=8); or 4) pigs pair-fed to their HS-CON counterparts and exposed to 
TN conditions (PFTN-CON, n=8).  Experimental days were divided into eight replicates 
containing one pig from each treatment group.  The initial group of pair-fed pigs’ feed 
was estimated based upon previous HS pig experiments and subsequent groups feed 
calculations were based upon what the initial HS group of pigs.  The pair-fed pigs were 
presented feed thrice during the 12 h period (4 h in between feedings) and their last meal 
was 4 h prior to sacrifice.  Each room’s temperature and humidity were continuously 
monitored and recorded every five minutes by a data recorder (Lascar® model EL-USB-
2-LCD, Erie, PA).  Over the 12 h period, pig thermal status (rectal temperature and 
respiratory rate) and feed intake (FI) were recorded every two hours.  Body weights were 
determined at the initiation of the study in order to allocate animals to their respective 
treatments, at the beginning (0 h) and immediately prior to sacrifice (12 h).   
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Blood and tissue sample collections.  
Blood was obtained via jugular venipuncuture immediately prior to sacrifice.   
Blood was collected in tubes for K2EDTA plasma (10 mL, BD®, Franklin Lakes, NJ), 
blood RNA (Tempus™ tubes, Life Technologies, Grand Island, NY), Serum (10 mL 
BD®, Franklin Lakes, NJ), or Lithium Heparin (5 mL BD®, Franklin Lakes, NJ).  
Harvested blood was centrifuged at 1300 x g at 4°C.  Plasma and serum were obtained 
and subsequently transferred into 1.5 mL microcentrifuge tubes and stored at -80°C for 
later analysis.  In eight replicates containing one pig from each treatment group, pigs 
were sacrificed after 12 h of HS using barbiturate overdose (Fatal Plus dosed at 1 mL/4.5 
kg body weight). 
  Intestinal tissues were harvested immediately following euthanasia and included 
whole sections from both the proximal ileum (~2 m prior to the ileal-cecal junction) and 
distal colon (50 cm before the rectum).  Fresh sections of whole ileum and colon were 
flushed of luminal contents, placed immediately into Krebs-Henseleit buffer (KHB; 
containing 25 mM NaHCO3, 120 mM NaCl, 1 mM MgSO4, 6.3 mM KCl, 2 mM CaCl 
and 0.32 mM NaH2PO4, pH 7.4) under constant aeration and transported to the laboratory 
for mounting into Ussing chambers.  In addition, tissue samples were snap-frozen in 
liquid nitrogen and stored at -80°C until later analysis.  
 
Ex vivo intestinal integrity measures. 
Ileal and colonic segments from each animal were mounted into modified Ussing 
chambers (Physiological Instruments and DVC 1000; World Precision Instruments, New 
Haven, CT) for determination of intestinal integrity and macromolecule transport.  Tissue 
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samples were pinned and placed vertically into the chambers with the mucosal membrane 
facing one half of the chamber and the serosal membrane facing the other half.  Each side 
of the membrane was bathed in 4 mL of KHB and tissue was provided with a constant 
O2-CO2 mixture.  Individual segments were then voltage clamped (0 mV) and, after 30 
min of stabilization, transepithelial electrical resistance (TER) was calculated by 
averaging the current during the first 10 min of tissue stabilization (22). Ileum and 
colonic segments were also assessed for 4.4 kDa fluorescein isothiocyanate labeled 
dextran (FD4, Sigma, St. Louis, MO) macromolecule permeability as previously 
described (23). 
 
Intestinal morphology assessment.   
Whole ileum samples fixed in formalin were sent to the Iowa State University 
Veterinary Diagnostic Laboratory for sectioning and hematoxylin and eosin staining of 
intestinal tissues and structures. Villi height, crypt depth and their ratio was assessed 
according to the method of Gabler et al. (22). 
 
Blood analyses.   
 Blood from the lithium heparin vacutainers was immediately analyzed via an i-
STAT® handheld blood analyzer (EC8+ cartridge, Abaxis, CA).  Analysis included 
measurement of sodium, potassium, chloride, total CO2, partial CO2, bicarbonate (HCO3), 
pH, glucose, blood urea nitrogen, hemoglobin, hematocrit, anion gap, and base excess of 
the extracellular fluid. Plasma insulin, non-esterified fatty acids (NEFA), lysozyme 
activity, alkaline phosphatase activity, lipopolysaccharide binding protein (LBP), serum 
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tumor necrosis factor (TNF)-α, endotoxin and haptoglobin were all determined as 
previously described (9, 24). 
 
Protein expression.  
Whole cell protein from ileum and colon was extracted, separated by SDS-PAGE 
and semi-quantitative protein abundance of heat shock protein 70 (HSP70) and hypoxia 
inducible factor (HIF) 1-α determined as previously describe (9, 24).  Ileum mucin 2 
concentrations were determined using a commercially available ELISA (Porcine MUC 2 
ELISA kit, MyBioSource, San Diego, CA) after whole ileum proteins were extracted 
using phosphate buffered saline (pH 7.2) containing protease inhibitors. The sample 
protein concentration was determined using BCA assay (Pierce, Rockford, IL) and mucin 
2 was expressed as ng of mucin 2 per mg of protein.  
 
mRNA abundance analysis.   
Total RNA was isolated from whole ileum and colon mucosal scrapings using a 
commercially available kit (RNeasy fibrous tissue mini kit, Qiagen, Valencia, CA).  Total 
RNA was quantified and cDNA synthesized for real-time quantitative PCR as previously 
described (9).  Real-time qPCR was performed using a BioMark™ HD system (Fluidigm 
Corporation, San Francisco, CA).  cDNA from tissues were used for specific target 
amplification using the TaqMan PreAmp Master Mix (Life Technologies) and loaded 
onto Fluidigm’s Dynamic Array Integrated Fluidic Circuits (IFC) according to 
Fluidigm’s EvaGreen DNA binding Dye protocols.  Gene symbols, accession numbers 
and primer sequences are listed in Table 4.4.  One 48.48 Dynamic Array IFC plate was 
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used to analyze mRNA abundance of selected genes in porcine ileum and colon mucosal 
scraping tissues.  Four genes (RPL32, ACTB, TOP2B and GAPDH) were included into 
the qPCR array to select for endogenous reference genes.  The mRNA abundance values 
for each sample were normalized to RPL32 according to the 2ΔΔCT method (25). 
 
Statistical analyses.   
 All data were statistically analyzed using the PROC MIXED procedure of SAS 
version 9.2 (SAS Inst. Inc. Cary NC).  Data are reported as LSmeans and considered 
significant if P ≤ 0.05 and a tendency if 0.05 > P ≤ 0.10.  The model included comparison 
of all 4 treatments as a fixed effect and the random effect of replicate was included if 
significant.  For hourly measurements, (Tr, RR and FI) each animal’s respective 
parameter was analyzed using repeated measures with an auto regressive covariance 
structure and time as the repeated effect.  The model included treatment, time, and 
treatment x time interaction.  For repeated measures, the individual animal’s values at 
time zero were used as a covariate.  
 
Results 
Phenotypic response to heat stress.   
There were no differences in Tr between TN-CON and PFTN-CON pigs 
throughout the 12 h experimental period. Both HS-CON and HS-ZnAA pigs had 
markedly increased (P < 0.01) Tr compared to both TN-CON and PFTN-CON pigs 
(Table 2; Figure 1a).  Compared to HS-CON pigs, HS-ZnAA pigs had a reduced Tr 
starting at 4 h and this persisted until 12 h. This decrease in Tr averaged 0.32°C and was 
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most pronounced at 6 h (0.7°C; P < 0.01).  Both HS-CON and HS-ZnAA pigs had 
increased (>3 fold) respiration rates compared to both TN-CON and PFTN-CON pigs; 
however there were no differences between HS-CON and HS-ZnAA pigs (Table 4.2; 
Figure 4.1b).  
Feed intake was not measured during the enrichment period.  During the 
experimental period, HS-CON and HS-ZnAA pigs had a similar reduction in FI (-0.9 
kg/12h) compared to TN-CON pigs (1.06 kg/12h; P < 0.05; Table 4.2).  By experimental 
design, the PFTN-CON pigs’ FI mirrored that of the HS-CON pigs (Table 4.2). 
During P2, TN pigs had a slight BW gain (0.39 kg), whereas PFTN-CON, HS-
CON, and HS-ZnAA pigs lost 1.87, 4.56, and 4.07 kg respectively (P < 0.01; Table 4.1).  
There were no differences in the amount of BW loss between HS-CON and HS-ZnAA 
pigs (P = 0.45; Table 4.2).  However, both HS-CON and HS-ZnAA groups lost more 
weight (2.45 kg; P < 0.01) than PFTN-CON pigs.  
 
Intestinal integrity changes due to heat stress.   
Overall, the HS-CON and PFTN-CON pigs experienced greater than a 3-fold 
increase in ileal FD4 transport compared to the TN-CON pigs (P < 0.01; Figure 4.2a).  
HS-ZnAA pigs had an intermediate FD4 permeability, which was not different from 
either TN-CON or HS-CON pigs (P = 0.36; Figure 4.2a).  Overall, the HS-CON and 
PFTN-CON pigs had a 31% decrease in ileal TER compared to the TN-CON group (P < 
0.01; Figure 4.2b).  Compared to the HS-CON group, HS-ZnAA pigs had a higher TER 
(30.2%; P = 0.05; Figure 4.2b), indicating numerically greater intestinal barrier integrity.  
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Interestingly, 12 h of exposure to HS and pair-feeding to HS intake levels did not alter 
colonic FD4 permeability and TER (P > 0.10, data not shown).    
 
Blood chemistry and metabolites changes in heat stress and thermal neutral housed 
pigs.    
Plasma LBP was decreased 50% (P < 0.05; Table 4.3) in HS-CON pigs compared 
to TN-CON pigs.  Interestingly, HS-ZnAA pigs had similar LBP concentrations as TN-
CON pigs (P > 0.05; Table 4.3).  Serum endotoxin was increased in both PFTN-CON 
and HS-CON pigs (250 and 400% respectively; P < 0.05; Table 4.3).  Intriguingly, HS-
ZnAA pigs had similar endotoxin concentrations compared to TN-CON pigs.  Plasma 
lysozyme was increased in PFTN-CON and HS-ZnAA pigs compared to both TN-CON 
and HS-CON pigs (P < 0.05; Table 4.3).  Plasma alkaline phosphatase and haptoglobin 
were unchanged (P > 0.05; Table 4.3) due to environmental temperature or dietary 
treatment. Serum TNF-α was decreased due to HS, regardless of dietary treatment, 
compared to both TN-CON, and PFTN-CON pigs (P < 0.05; Table 4.3).   
Plasma urea nitrogen (PUN) was increased (P < 0.01) in HS-CON and HS-ZnAA 
pigs by 1.9 and 1.1 fold compared to TN-CON and PFTN-CON controls (Table 4.3), 
however HS-ZnAA pigs had significantly lower PUN compared to HS-CON pigs (P < 
0.05).  Plasma NEFA were increased 180% (P < 0.05; Table 4.3) in both HS-CON and 
HS-ZnAA pigs, compared to TN-CON counterparts, however PFTN-CON pigs did not 
differ from TN pigs.  Plasma insulin was decreased in PFTN-CON HS-CON, and HS-
ZnAA pigs compared to TN-CON counterparts (P < 0.05; Table 4.3), with HS pigs 
having the lowest insulin concentrations.   
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Blood potassium concentration was lower in the HS pigs compared to TN-CON, 
PFTN-CON and HS-ZnAA groups (P = 0.01; Table 4.5).  Chloride levels were increased 
(5.7%; P < 0.01; 4.5) in the HS-CON pigs compared to TN-CON PFTN-CON, and HS-
ZnAA pigs.  Total CO2 was lower (10%) in HS-CON, PFTN-CON, and HS-ZnAA pigs 
compared to TN-CON pigs (P = 0.03; Table 4.5).  Heat stress increased blood pH (2%) in 
both HS-CON and HS-ZnAA groups compared to TN-CON and PFTN-CON 
counterparts (P < 0.01; Table 4.5).  Partial CO2 was decreased by 36% in both heat stress 
groups.  Bicarbonate was decreased 11% in HS-CON, PFTN-CON, and HS-ZnAA pigs 
compared to TN-CON counterparts (P = 0.04; Table 4.5).  There were no treatment 
differences in glucose concentrations, hematocrit, sodium, base excess, anion gap, or 
hemoglobin (P > 0.05; Table 4.5). 
 
Histology, stress and mucin protein expression.  
Twelve hours of HS tended to reduce ileal villus height compared to the TN, 
PFTN and ZnAA treatments (342, 428, 421 and 393 µm, respectively, P = 0.06; data not 
shown).  There were no differences in crypt depth among the four treatments (P = 0.99; 
data not shown).  However, the ratio of villi height to crypt depth was significantly 
reduced due to HS verses TN-CON and PFTN-CON, but not HS-ZnAA (P < 0.05; 1.2, 
1.7, 1.6 and 1.5, respectively).  Additionally, the HS-CON ileal sections had a marked 
increase in autolysis compared to the HS-ZnAA, PFTN-CON and TN-CON sections 
(Figure 4.3).  To locally assess the hypoxia and stress response in ileum and colon tissue, 
HSP70 and HIF1-α protein expression were examined (Figure 4.4).  In the ileum (Figure 
4.4a), HS-CON and HS-ZnAA HSP70 expression increased compared to the TN-CON 
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and PFTN-CON pigs (P < 0.05).  However, although numerically increased due to HS, 
HIF1-α protein expression was not different between treatments (P = 0.15). Colonic 
(Figure 4b) HIF-1α protein expression was also not different amongst treatments (P = 
0.81), but HS-CON colonic tissue had a 200% increase in HSP70 protein expression 
compared to the HS-ZnAA and TN-CON (P < 0.05).  Furthermore, compared to the 
control pigs, ileal mucin 2 protein expression was also increased 2-fold due to HS and 
PFTN treatments (P < 0.05; Figure 4.5).  
  
Intestinal gene expression.   
Changes in ileum and colonic tight junction, inflammation and integrity gene 
abundances after 12 h of HS or PFTN are shown in Tables 4.6 and 4.7, respectively.  In 
the ileum, only one gene (integrin β-1) was found to be altered (P < 0.05, Table 4.6) and 
was increased in HS-CON pigs compared to both PFTN-CON and HS-ZnAA pigs.  There 
was also a tendency for interleukin 1-β to be decreased in HS-ZnAA pigs compared to 
TN-CON pigs.  No other significant changes in ileal gene abundances were reported.  
In the colon, claudin-4 was increased due to PFTN only (P < 0.05).  However, 
occludin gene abundance was decreased (P < 0.05; Table 4.7) in HS-CON pigs compared 
to TN-CON pigs while HS-ZnAA pigs were not different from either treatment.  
Intestinal alkaline phosphatase was increased by 133%; P < 0.05; Table 4.7) in HS-ZnAA 
pigs compared to both HS-CON and TN-CON pigs.  Mucin-2 in the colon was elevated 
in HS-ZnAA pigs as well as TLR-4 (P < 0.05; Table 4.7).  Mast cell tryptase was 
decreased due to HS but maintained by dietary zinc treatment (P < 0.05; Table 4.7).  
Heme oxygenase-1 was elevated in PFTN-CON and HS-ZnAA pigs but HS-CON pigs 
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were not different from their TN counterparts (Table 4.7).  There was a tendency for 
citrate synthase to be increased in HS-ZnAA pigs compared to other treatments (P = 
0.09). 
 
Discussion 
Zinc promotes normal intestinal barrier function and the regeneration of damaged 
gut epithelium (12).  Zinc has also been shown to effectively prevent or ameliorate the 
loss of barrier function under malnutrition (14), alcoholic liver disease (26), chronic 
inflammatory bowel or Cohn’s diseases (15) and infectious diarrhea (12).  Therefore, we 
were interested in further examining the ability of organic and inorganic dietary zinc 
sources to attenuate changes in intestinal integrity and function on pigs subjected to heat 
stress.  Previous research has shown that increasing levels of zinc have been beneficial, 
however we wanted to determine whether supplementing with an adequate level of ZnAA 
would be beneficial as well.  The amount of zinc we chose for both diets (120 ppm) is 
higher than what the NRC recommends as adequate, however these levels are not toxic.   
These pigs were acutely exposed (12 h) to a severe heat load (constant 37°C; 40% 
humidity).  These HS conditions were chosen in order to mimic the physiological effects 
of severe heat stress.  Heat stressed pigs have been shown to increase average daily water 
intake by 34% compared to thermal neutral control pigs (27).  Although we did not 
measure water intake in the current study, we believe our HS pigs were well hydrated as 
assessed by blood hematocrit values, which were not different from the TN control pigs. 
By design, our pigs experienced a heat-load well far above their thermal comfort 
zone, and this resulted in a marked augmentation in all body thermal indices measured 
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(Tr and RR).  The average difference in Tr between the TN and the HS pigs was 2.6°C.  
Interestingly, HS-ZnAA pigs had a lower body temperature (0.3°C) compared to HS-
CON pigs from 4 h onward, indicating organic zincs alters heat dissipation or production.  
Alternatively the reduction in temperature may be due to the altered immune or acute 
phase response of the HS-ZnAA pigs.  These data are different from our previous work in 
which we did not observe any improvement in core temperatures of ZnAA-HS pigs that 
were fed much higher concentrations of dietary Zn amounts and HS for a longer period 
(16).  The reduction in Tr is difficult to interpret, as HS-CON and HS-ZnAA pigs had 
similar FI and change in BW: two key variables associated with basal heat production 
(28).  However, we speculate that the reduced core temperature observed in the HS-
ZnAA pigs may be a result of improved intestinal integrity and reduced maintenance 
costs.   
The deleterious effects of HS are mediated, at least in part, by its effects on 
gastrointestinal health and function (29).  During HS, blood flow is diverted from the 
splanchnic system to the skin in an attempt to dissipate excess heat (30).  Reduced blood 
flow and hyperthermia lead to hypoxia and oxidative and nitrosative stress in the 
enterocyte (9, 24, 31, 32).  As a result, cell and mucosal membranes and tight junctions 
can be damaged, leading to an increase in intestinal permeability and this is also known 
as “leaky gut” (33).  We report herein an increased passage of high molecular weight 
substances (FD4) and circulating endotoxin due to HS.  The increased autolysis observed 
in our histology and changes in markers of intestinal integrity (TER) also strongly 
supports this phenotypic response.  However, organic zinc supplementation reduced the 
severity of this HS response compared to the inorganic zinc-HS treatment.  Moreover, 
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reduced feed intake (PFTN-CON) appears to be a major contributing factor to this 
increased intestinal dysfunction.  We (9) and others (34) have previously reported that 
restricted nutrient intake can lead to alterations in intestinal function, transport, 
morphology, and this may increase the risk of developing bacterial sepsis (35, 36).  
Therefore the effects seen during HS may be confounded and exacerbated by the 
dramatic reduction in feed intake.   
The mode of action of organic zinc versus inorganic zinc in regulating intestinal 
function and integrity may be related to its improved bioavailability (18).  Overall dietary 
zinc has been reported to be mainly act at the tight junction level.  For example, in vitro 
studies indicate that Caco-2 cells grown in Zn depleted media have a decreased amount 
of tight junctions and a compromised cytoskeleton (37).  Similarly, zinc deficiency 
reduces ileal tight junction protein expression in an alcohol-induced intestinal barrier 
dysfunction model (26).   However, zinc supplementation prevented the opening of these 
junction complexes in a rat colitis model (15).  Zinc oxide supplementation has been 
shown to reduced intestinal permeability in weaning piglets, while increasing the amount 
and expression of tight junction proteins (17). In a previous study we have shown that 
increasing levels of ZnAA increased GIT integrity compared to control animals, which 
were fed 120 ppm ZnSO4 (16).  Interestingly, presented herein, we reported limited to no 
changes in the abundance of many intestinal tight junction and integrity related genes due 
to HS.  This may indicate that at the gene transcription level, HS is not having a large 
impact at 12 h.  Additionally, many tight junction and barrier function proteins undergo 
post-translational modification.  Therefore, gene abundance may not fully explain the 
observed phenotype or protein functionality. Another explanation for the lack in gene 
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abundance differences may be due to the increased autolysis and sloughing of the 
intestinal epithelial layer due to HS.  Morphological analysis of the ileum showed 
shortening of villi, linear laminar separation, as well as entire layers of cells sloughing.  
Although shortening of villi also occurred in PFTN-CON and HS-ZnAA animals, the 
damage was not as severe when compared to the HS-CON pigs, indicating another 
possible mechanism by which dietary zinc may improve intestinal health under stress.  
Epithelial mucins and the mucus layer produced by goblet cells in the intestinal 
epithelium serve as a critical component in the barrier defense against pathogen 
colonization and permeability. In the intestinal tract, mucin 2 is the predominant 
secretory mucin (38).  Herein, we report that HS and feed restriction increased mucin 2 
protein expression in the ileum of pigs compared to TN reared pigs.  Our HS data agrees 
with Ashraf et al., (39), whom reported cyclic HS increased acidic and mixed mucin 
contents in broiler duodenum and ileum segments compared to thermal neutral reared 
birds.  Interestingly, recent reports have shown a strong link between mucin 2 and 
intestinal barrier function (40).  This study showed mucin 2 knockout mice had impaired 
intestinal alkaline phosphatase and endotoxin detoxification.  Based on our findings, we 
speculate that the increase in mucin production in response to HS is to help maintain the 
protective intestinal barrier and its structural integrity.  Mechanistically, mucin secretion 
increases with acute stress as a result of increased corticotrophin releasing factor (41).  
Corticotrophin-releasing factor is a central and peripheral stress mediator and has also 
been directly linked to augmented intestinal dysfunction associated with weaning stress 
in pigs (42).  Although high dietary zinc has also been shown to increase the amount 
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intestinal mucin in swine (43), other studies (44) and our data herein, suggest that this is 
independent of zinc source.   
Circulating concentrations of endotoxin were elevated in HS and PFTN pigs.  
This is consistent with our previous work (9, 24) and the increase may be related to the 
reduction in intestinal integrity and/or reduced intestine and liver capacity to detoxify 
endotoxin molecules (45).  In pigs, weaning stress (46) and fasting (47) have been shown 
to reduce intestinal endotoxin detoxifying capacity.  However, we observed few 
differences in key gene abundances associated with endotoxin detoxification and 
clearance such as AOAH, IAP, and CYTC.   
Heat stress evokes a rapid heat shock response involving the activation of heat 
shock proteins (HSP).  Heat shock proteins are a large family of stress proteins that are 
highly conserved across species, and generally serve as molecular chaperones or 
stabilizers of protein denaturation and in cytoprotection.  Their activity is prevalent 
within a few hours of the onset of severe stress and lasts for a few days (48).  Expression 
of these proteins is mediated by activation of heat shock factor 1 (HSF 1), which binds to 
heat shock elements (HSEs) and initiates transcription of several heat shock genes (49).  
One of the major inducible HSP family members is HSP70-72 kDa, which aids in protein 
folding, ubiquination, stabilization, and providing protection during times of cellular 
stress (50).  Herein, we have reported upregulation of HSP70 protein expression in the 
ileum and colon of HS pigs.  Specific to thermal biology, HSP70 is rapidly upregulated 
2-4 h after heat exposure (51).  With that, zinc has been shown to increase the expression 
of HSP-70/72, (52, 53).  However, proteomic analysis of zinc oxide treated pig hepatic 
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tissue have reported 150 mg/kg zinc to down-regulate HSP70 and this fits with our 
current results.   
Often accompanied with the heat shock and oxidative stress response is hypoxia.  
Hypoxia is regulated by a complex system of oxygen sensing mechanisms within the 
body. Hypoxia-inducible factors (HIF’s) are transcriptional regulators that play a role in 
oxygen homeostasis.  Similar to our previous studies (9, 24), in the current study, HS 
numerically induced HIF 1-α protein in the ileum, but not colon of pigs. This 
augmentation of HIF 1-α was attenuated by ZnAA treatment.  Tissue differences in the 
expression of HIF 1-α are most likely explained by differences in blood flow and reduced 
oxygen delivery to the gastrointestinal tract (54).  From a dietary standpoint, we speculate 
that ZnAA may be better at inducing proteasomal degradation of HIF 1-α, as zinc 
treatment down regulates HIF 1-α in human tumor cells by this mechanism (55).  
In many species, rodents (56-58), cattle (59) and humans (60), HS causes both 
local and systemic inflammation.  Part of this inflammatory response may be the result of 
endotoxemia, due to increased intestinal permeability (9, 30).  The poultry literature has 
shown also shown that supplemental dietary Zn has an anti-inflammatory effect during 
HS (21).  Nevertheless, we have continuously reported a species-specific difference with 
swine regarding HS and inflammation. Growing pigs exposed to HS conditions appear to 
have a reduced pro-inflammatory cytokine response, yet still mount an acute phase 
response (9, 24, 61, 62).  However, one explanation for the reduced inflammation could 
be the augmentation of the heat shock protein response. Inducible HSPs, a product of heat 
shock and stress, have been shown to inhibit NF-κB pathway activation and thus 
proinflammatory cytokine production (63).  Additionally, heat shock pretreatment has 
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been used to attenuate endotoxin induced sepsis-associated encephalopathy (64). 
Altogether, these highlight a key anti-inflammatory signaling role of HSPs. 
Heat stress markedly alters protein metabolism in a number of animal species 
independently of feed intake reduction (65, 66).  In this study, HS increased PUN and this 
agrees with previous studies in cows (65, 67).  Urea is synthesized in the liver from 
ammonia generated from both exogenous (i.e. dietary) and endogenous (i.e. skeletal 
muscle) protein catabolism.  Additionally, previous heat stress studies have shown an 
increase in 3-methylhystidine, a better marker of muscle catabolism (32, 68).  Although 
HS-ZnAA pigs had an increased BUN compared to TN-CON pigs, it was lower than our 
HS-CON group.  Supplementation with ZnAA may reduce muscle catabolism during HS 
and although the mechanism is ill-defined, it is tempting to speculate that ZnAA may 
alter the acute phase response and this may have blunted effects on skeletal muscle 
proteolysis.  
In conclusion, ZnAA (60 ppm) appears to improve several aspects of intestinal 
permeability under HS including decreasing circulating endotoxin, increasing epithelial 
resistance, maintaining epithelial cell morphology, and increased acute phase response 
(LBP and lysozyme), as well as improvements in blood markers of muscle catabolism as 
indicated by decreased PUN.  This was despite both diets having similar dietary zinc 
concentrations, with the only difference occurring in zinc source.  Caloric restriction also 
may explain a large majority of detrimental effects on intestinal integrity.  Taken 
together, ZnAA may prove as a valuable mitigation strategy for both humans and animals 
but it is important to note that the current study implements zinc as a prevention with 
prior enrichment, as opposed to a medical treatment.   
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Table 4.1 Ingredients and formulated dietary nutrients, as fed 
Ingredient, % Control ZnAA 
     Corn 80.56 80.51 
Soybean meal, 46.5% CP 15.34 15.35 
Soy Bean oil 1.00 1.00 
L-Lysine hydrochloride 0.29 0.29 
DL-methionine 0.40 0.40 
L-threonine 0.08 0.08 
Monocalcium phosphate, 21% 0.81 0.810 
Limestone 1.00 1.00 
Salt 0.50 0.50 
Vitamin Premix1 0.14 0.14 
     Trace Mineral Premix2 0.05 0.05 
Avail Zinc 100        - 0.07 
Zinc sulfate, monohydrate 0.02         - 
Ferrous sulfate, heptahydrate 0.03 0.03 
Manganese sulfate, 29.5% 0.02 0.01 
Copper sulfate, 25.2% Cu 0.10 0.10 
Calcium iodate, 63.5% 0.0002 0.0002 
Sodium selenite 0.02 0.02 
Calculated Composition 
 
 
Metabolizable Energy, kcal/kg 3,370 3,368 
Net Energy, kcal/kg 2,523 2,521 
Crude Protein, % 14.2 14.2 
Total Zinc3, ppm 120 120 
Available Phosphorus, % 0.23 0.23 
1Provided the following per kg of diet: vitamin A, 7,656 IU; vitamin 
D, 875 IU; vitamin E, 62.5 IU; vitamin K, 3.75 mg; riboflavin, 
13.75 mg; niacin, 70 mg; pantothenic acid, 33.75 mg; vitamin B12, 
62.5 µg. 
2Provided the following per kg of diet: Fe, 121 mg as ferrous 
sulfate; Zn, 121 mg as zinc sulfate; Mn, 28.6 mg as manganese 
sulfate; Cu, 12.1 mg as copper sulfate; I, 0.22 mg as calcium iodate; 
Se, 0.22 mg as sodium selenite.   
3Control diet contained 120 ppm of ZnSO4 while ZnAA diet 
contained 60 ppm ZnSO4 and 60 ppm Availa Zinc100™ (Zinpro 
Corporation) 
 
  
  
 
 
148 
 
 
Table 4.2. Effects of 12 h thermal neutral (TN; 21°C) or heat stress (HS; 37°C) rearing 
conditions on pig core temperatures, respiration rates, feed intake and body weight. Pigs were 
fed dietary (ZnAA) or control diets (CON) ad libitum, or pair-fed (PFTN) CON to HS feed 
intake.  
 Treatment1                                
Parameter  TN-CON PFTN-CON HS-CON HS-ZnAA SEM Trt P 
Rectal Temperature, °C 39.2a 39.1a 41.8b 41.5c 0.10 <0.01 
Respiration Rate, bpm 42.1a 41.9a 154.3b 155.9b 2.70 <0.01 
Feed Intake, kg 1.06a 0.18b 0.11b 0.12b 0.08 <0.01 
Body Weight Change, kg 0.39a -1.87c -4.56b -4.07b 0.43 <0.01 
1 n=8 pigs/trt 
Different letter superscripts within row, P < 0.05 
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Table 4.3. Blood chemistry, ion and metabolite concentrations in pigs reared under heat stress (HS; 
37°C), dietary zinc (ZnAA) and pair-feeding thermal neutral conditions (PFTN-CON; 21°C) for 12 
h. 
 
Parameter  
Treatment5  
TN-CON PFTN-CON HS-CON HS-ZnAA SEM Trt P 
PUN1, mg/dL  32.3a 36.5a 98.3c 72.4b 8.1 <0.01 
Glucose, mg/dL  99.2 98.0 93.4 97.0 4.1 0.68 
Plasma NEFA2, mmol/L 0.09a 0.12a 0.25b 0.25b 0.03 <0.01 
Insulin, ng/dL 0.18c 0.10b 0.04a 0.08ab 0.02 <0.01 
Alkaline Phosphatase, U/L 55.3 45.2 53.6 42.4 5.20 0.25 
Plasma Lysozyme, U/mL 173.8a 194.8b 166.9a 188.6b 4.26 <0.01 
TNF-α3, pg/mL 73.5a 85.1a 48.3b 52.0b 5.8 <0.01 
Haptoglobin, mg/mL 101.4 137.5 70.4 115.9 23.3 0.26 
Plasma LBP4, µg/mL 14.12b 10.47ab 7.22a 15.46b 2.56 0.02 
Serum Endotoxin, AU 1.00x 3.52yz 5.10z 2.31xy 0.86 0.09 
1Plasma Urea Nitrogen 
2Non-esterified Fatty Acids 
3Tumor Necrosis Factor- α 
4 Lipopolysaccharide binding protein (LBP) 
5 n=8 pigs/trt. Within row different superscripts, (a,b,c) P < 0.05, (x,y,z) P < 0.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
150 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ta
bl
e 
4.
4.
  P
rim
er
 S
eq
ue
nc
es
   
  
G
en
e 
N
am
e 
Se
ns
e 
(5
’- 
3’
) -
 F
or
w
ar
d 
A
nt
ise
ns
e 
(5
’- 
3’
) -
 R
ev
er
se
 
A
cy
lo
xy
ac
yl
 H
yd
ro
la
se
 (A
O
A
H
) 
A
C
C
A
TC
C
A
G
C
C
A
TC
G
TC
A
TA
 
TC
A
TT
G
C
TG
G
G
A
C
TG
G
G
TT
A
 
C
la
ud
in
-3
 (C
LD
N
3)
 
TT
G
C
A
TC
C
G
A
G
A
C
C
A
G
TC
C
 
A
G
C
TG
G
G
G
A
G
G
G
TG
A
C
A
 
C
la
ud
in
-4
 (C
LD
N
4)
 
G
TA
TC
A
TC
C
TG
G
C
C
G
TG
C
TA
 
TT
G
G
C
G
C
TC
TC
A
TC
A
TC
C
A
 
O
cc
lu
di
n 
(O
C
LN
) 
TC
G
TC
C
A
A
C
G
G
G
A
A
A
G
TG
A
A
 
A
TC
A
G
TG
G
A
A
G
TT
C
C
TG
A
A
C
C
A
 
In
te
st
in
al
 A
lk
al
in
e 
Ph
os
ha
ta
se
 (I
A
P)
 
A
A
C
C
G
C
A
G
G
A
C
A
TT
C
C
TT
C
A
 
TT
C
A
TG
TC
TG
C
C
G
G
C
TC
A
A
 
In
te
gr
in
 β
-1
 (I
TG
B
1)
 
A
G
TG
TA
TA
C
A
A
G
C
A
G
G
G
C
C
A
A
A
 
TC
G
A
G
C
A
G
A
A
G
TA
G
G
C
A
TT
C
C
 
M
yo
si
n 
Li
gh
t C
ha
in
 K
in
as
e 
(M
Y
LK
) 
G
TC
A
C
G
G
TC
A
A
TA
C
G
G
A
A
C
A
 
A
G
TC
G
G
A
A
G
A
C
C
TG
TC
C
A
A
 
M
uc
in
-2
 (M
U
C
2)
 
C
TG
TG
TG
G
G
G
C
C
TG
A
C
A
A
 
A
G
TG
C
TT
G
C
A
G
TC
G
A
A
C
TC
A
 
Tr
ef
oi
l F
ac
to
r-
1 
(T
FF
1)
 
A
G
TC
C
C
G
TG
G
TG
C
TT
C
A
A
 
C
C
C
A
C
C
G
G
A
G
A
A
G
C
A
TC
TA
A
 
Tr
ef
oi
l F
ac
to
r-
2 
(T
FF
2)
 
G
G
G
TC
C
C
C
TG
G
TG
TT
TC
A
A
 
A
C
C
TC
C
A
TG
A
C
G
C
A
C
TC
C
 
Tr
an
sf
or
m
in
g 
G
ro
w
th
 F
ac
to
r β
-1
 (T
G
FB
1)
 
C
A
TC
G
A
C
A
TG
G
A
G
C
TG
G
TG
A
A
 
G
A
G
C
C
G
A
A
G
C
TT
G
G
A
C
A
G
A
A
 
To
ll-
lik
e 
R
ec
ep
to
r 3
 (T
LR
3)
 
G
TC
C
A
A
C
TC
A
A
TC
C
A
G
A
A
G
A
TT
C
A
A
A
 
A
G
TT
G
G
A
G
C
TG
C
G
TT
C
C
TA
A
 
Tu
m
or
 N
ec
ro
si
s F
ac
to
r-
α 
(T
N
F)
 
C
TG
G
C
C
C
C
TT
G
A
G
C
A
TC
A
 
G
G
G
C
TT
A
TC
TG
A
G
G
TT
TG
A
G
A
C
 
M
as
t C
el
l T
ry
pt
as
e 
(M
C
T7
) 
TG
G
TC
C
C
TG
G
G
TC
TG
C
A
A
A
 
A
G
C
C
A
C
C
TC
G
G
C
A
G
G
A
A
 
In
te
rle
uk
in
 1
-β
 (I
L1
B
) 
TG
G
C
C
C
A
C
A
C
A
TG
C
TG
A
A
 
C
C
TT
G
C
A
C
A
A
A
G
C
TC
A
TG
C
A
 
C
yt
oc
hr
om
e 
C
 O
xi
da
se
 (C
Y
C
S)
 
TC
TG
TT
G
A
G
C
TC
G
G
C
G
A
A
A
 
A
C
TG
G
G
C
A
C
A
C
TT
C
TG
A
A
C
A
 
M
uc
in
-4
 (M
U
C
4)
 
C
C
A
G
C
TC
TT
G
C
TC
A
G
TG
A
A
A
 
C
A
TC
C
A
G
G
TT
C
C
C
C
A
G
TC
TA
 
To
ll-
Li
ke
 R
ec
ep
to
r 4
 (T
LR
4)
 
TG
G
TG
TC
C
C
A
G
C
A
C
TT
C
A
TA
 
C
G
G
C
A
TG
A
C
TC
C
TC
A
G
A
A
A
C
 
H
em
e 
O
xy
ge
na
se
 (H
M
O
X
1)
 
TC
A
A
G
C
A
G
A
G
G
G
TC
C
TC
G
A
A
 
A
G
C
TC
C
TG
C
A
C
C
TC
C
TC
A
A
 
 
  
 
 
151 
 
 
 
 
 
 
 
 
  
Table 4.5. Effects of ad-libitum feed intake in thermal neutral conditions (TN-CON; 21°C), 
pair-feeding in thermal neutral conditions (PFTN-CON), ad-libitum feed intake in heat stress 
conditions (HS-CON; 37°C), or Availa zinc in heat stress conditions (HS-ZnAA) on blood gas 
and ion measures. 
 
Parameter  
Treatment1  
TN-CON PFTN-CON HS-CON HS-ZnAA SEM Trt P 
Sodium, mmol/L 138.5 138.9 144.0 142.0 2.7 0.31 
Potassium, mmol/L 5.96a 6.00a 4.21b 5.05a 0.45 0.01 
Chloride, mmol/L 100.8a 102.1a 107.8b 103.1a 1.7 0.02 
Total CO2, mmol/L 29.4a 27.0b 26.3b 25.8b 1.1 0.03 
Hematocrit, % PVC 37.8 38.0 36.0 36.3 1.3 0.54 
pH 7.35a 7.34a 7.52b 7.49b 0.03 <0.01 
Partial CO2, mmHg 52.1a 47.3a 31.3b 32.8b 2.6 <0.01 
Bicarbonate, mmol/L 28.2a 25.6b 25.2b 24.8b 1.1 0.04 
BEecf2, mmol/L 2.19 0 2.38 1.38 1.43 0.60 
Anion Gap, mmol/L 16.5 17.6 15.5 16.9 1.3 0.69 
Hemoglobin, g/dL 12.91 12.91 12.24 12.33 0.43 0.49 
1 n=8 pigs/trt. Within row different superscripts, (a,b,c) P < 0.05. 
2Base excess of the extracellular fluid.  
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Table 4.6. Effects of ad-libitum feed intake in thermal neutral conditions (TN-CON; 21°C), 
pair-feeding in thermal neutral conditions (PFTN-CON), ad-libitum feed intake in heat stress 
conditions (HS-CON; 37°C), or Availa zinc in heat stress conditions (HS-ZnAA) on ileal gene 
expression (Tukey adjusted P) 
 
Gene ID 
Treatment          
TN-
CON 
PFTN-
CON 
HS-
CON 
HS-
ZnAA 
SEM Trt P 
AOAH Acyloxyacyl hydrolase 3.09 2.26 2.75 2.22 0.591 0.687 
CLDN3 Claudin-3 0.37 0.55 0.37 0.67 0.194 0.567 
CLDN4 Claudin-4 3.80 2.83 1.59 1.94 0.801 0.222 
OCLN Occludin 8.56 6.22 2.50 4.73 1.783 0.148 
IAP Intestinal Alkaline 
Phosphatase 
2.29 1.50 1.60 1.67 0.514 0.651 
ITGB1 Integrin β-1 1.70ac 1.03a 2.76bc 1.20a 0.351 0.013 
MYLK Myosin Light Chain Kinase 2.81 2.30 3.61 2.39 0.673 0.576 
MUC2 Mucin-2 2.38 1.57 2.55 1.25 0.505 0.200 
TFF1 Trefoil Factor-1 0.23 0.07 0.18 0.26 0.152 0.704 
TFF2 Trefoil Factor-2 1.59 0.88 1.99 1.20 0.600 0.590 
TGFB1 Transforming Growth Factor-β 2.65 1.83 2.79 1.43 0.470 0.102 
TLR3 Toll-like Receptor 3 2.30 1.29 2.10 1.30 0.485 0.327 
TNF Tumor Necrosis Factor-α 0.96 1.09 1.15 0.62 0.325 0.622 
MCT7 Mast Cell Tryptase 0.66 0.37 0.20 0.34 0.124 0.123 
IL1B Interleukin 1-β 1.80x 0.91xy 0.61xy 0.39y 0.60 0.057 
CYCS Cytochrome C oxidase 1.79 1.10 1.57 1.36 0.278 0.322 
a,b,cP < 0.05 
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Table 4.7. Effects of ad-libitum feed intake in thermal neutral conditions (TN-CON; 21°C), pair-
feeding in thermal neutral conditions (PFTN-CON), ad-libitum feed intake in heat stress 
conditions (HS-CON; 37°C), or Availa zinc in heat stress conditions (HS-ZnAA) on colonic gene 
expression (Tukey adjusted P-values) 
 
Gene ID 
Treatment          
TN-
CON 
PFTN-
CON 
HS-
CON 
HS-
ZnAA 
SEM Trt P 
AOAH Acyloxyacyl hydrolase 0.56 0.65 0.44 0.78 0.093 0.110 
CLDN3 Claudin-3 2.75 3.47 2.76 3.74 0.629 0.604 
CLDN4 Claudin-4 1.13a 2.53b 0.50a 1.28a 0.327 <0.01 
OCLN Occludin 1.01a 1.70ab 0.81b 1.17ab 0.211 0.026 
IAP Intestinal Alkaline 
Phosphatase 
0.69a 1.23ab 0.45a 1.61b 0.326 0.045 
ITGB1 Integrin β-1 0.88a 1.00a 0.74ac 1.0ab 0.076 0.038 
MYLK Myosin Light Chain Kinase 1.36 1.86 0.70 1.54 0.347 0.105 
MUC2 Mucin-2 0.74a 1.22ab 0.72a 1.56b 0.225 0.031 
MUC4 Mucin-4 1.00 0.76 0.59 1.10 0.192 0.262 
TFF2 Trefoil Factor-2 0.66 0.57 0.39 0.42 0.220 0.790 
TGFB1 Transforming Growth 
Factor-β 
1.08 1.32 0.78 1.42 0.208 0.176 
TLR3 Toll-like Receptor 3 1.20 1.31 0.97 1.27 0.191 0.604 
TLR4 Toll-like Receptor 4 1.56ab 1.57ab 1.38a 2.29b 0.215 0.040 
MCT7 Mast Cell Tryptase 1.63a 1.43a 0.65b 1.05ab 0.205 0.019 
IL1B Interleukin 1-β 0.73 0.81 0.27 0.99 0.212 0.143 
CYCS Cytochrome C oxidase 1.11 1.06 0.87 1.02 0.067 0.106 
HMOX1 Heme Oxygenase-1 0.57a 1.67b 0.62a 1.71b 0.248 <0.01 
a,b,cP < 0.05 
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Figure 4.1. Effects of ad-libitum feed intake in thermal neutral conditions (TN-CON; 
21°C), ad-libitum feed intake in heat stress conditions (HS-CON; 37°C), supplemental 
zinc in heat stress conditions (HS-ZnAA) or pair-feeding in thermal neutral conditions 
(PFTN-CON) on (a) temporal changes in rectal temperature, and (b) temporal changes in 
respiration rates.  
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Figure 4.2. Effects of ad-libitum feed intake in thermal neutral conditions (TN-CON; 
21°C), pair-feeding in thermal neutral conditions (PFTN-CON), ad-libitum feed intake in 
heat stress conditions (HS-CON; 37°C), Availa zinc in heat stress conditions (HS-ZnAA) 
on feed intake on a) ileal FITC-dextran transport and b) ileal transepithelial electrical 
resistance.  a,bP < 0.05. 
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Figure 4.3. Heat stress causes alterations in ileum morphology. Hemotoxylin and eosin 
sections from pigs reared under ad-libitum feed intake in thermal neutral conditions (TN-
CON; 21°C), pair-feeding in thermal neutral conditions (PFTN-CON), ad-libitum feed 
intake in heat stress conditions (HS-CON; 37°C) or Availa zinc in heat stress conditions 
(HS-ZnAA). Arrows indicate areas of pronounced autolysis. 
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Figure 4.4.  Changes in pig ileum a) Heat shock protein (HSP)-70 and b) Hypoxia 
Inducible factor (HIF)-1α protein expression after 12 hours of either ad-libitum feed 
intake in thermal neutral conditions (TN-CON; 21°C), pair-feeding in thermal neutral 
conditions (PFTN-CON), ad-libitum feed intake in heat stress conditions (HS-CON; 
37°C) or pigs fed Availa zinc in heat stress conditions (HS-ZnAA).  a,bP < 0.05, n=8/trt 
and all semi-quantitative data was adjusted relative to GAPDH expression. 
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Figure 4.5.  Effects of ad-libitum feed intake in thermal neutral conditions (TN-CON; 
21°C), pair-feeding in thermal neutral conditions (PFTN-CON), ad-libitum feed intake in 
heat stress conditions (HS-CON; 37°C), Availa zinc in heat stress conditions (HS-ZnAA) 
on ileal Mucin 2 protein expression. a,bP < 0.05. 
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Abstract 
Heat stress (HS) and reduced feed intake have been shown to negatively affect 
intestinal integrity and barrier function.  Our objective was to compare ileum protein 
profiles of pigs subjected to HS, thermal neutral (TN), or reduced feed intake conditions.  
Twenty-four pigs (n=8/treatment) were assigned to one of these treatments for 12 h: 1) 
TN (21°C; 70% humidity with ad libitum intake, 2) HS (37°C; 40% humidity with ad 
libitum intake), or 3) TN conditions but pair fed (PFTN) to mirror nutrient intake of the 
HS pigs. Pigs were then euthanized, whole ileum was collected, and protein extracted. 
Proteins were solubilized and 2D-Differential In Gel Electrophoresis (DIGE; 24 gels in 
duplicate), 11cm strips pH 3-10, in the first dimension and 12.5% acrylamide gels in the 
second dimension, was performed.  Relative abundance of 281 and 138 proteins were 
significantly different (P < 0.05) due to HS, compared to TN and PFTN pigs respectively.  
However, only 20 proteins were significantly different due to reduced feed intake alone 
(P < 0.05).  Differentially expressed proteins were identified by electrospray mass 
spectrometry (ESI/MS).  Compared to TN and PFTN pigs, heat shock proteins 27, 70, 90-
α and β were increased during HS.  However, metabolic enzymes isocitrate 
dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase were decreased in HS 
pigs (75 and 10% respectively; P < 0.05) compared to TN and PFTN pigs.  Similarly, 
stress response enzymes peroxiredoxin-1 and peptidyl-prolyl cis-trans isomerase A were 
decreased (40 and 15% respectively; P < 0.05) in PFTN and TN pigs compared to HS. 
Interestingly, prolyl-4-hydroxylase-β was reduced 10% in HS and PFTN pigs compared 
to TN controls.  Together, these data show that HS directly alters intestinal protein 
profiles during a severe heat-load, largely independent of reduced feed intake. 
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Introduction 
The gastrointestinal tract is highly sensitive to heat and a compromised intestinal 
mucosa plays a critical role in the pathophysiology of heat-related illness as seen in 
animal and cell culture models [1-3].  In 2003, approximately 50,000 Europeans died 
during an intense heat-wave [4, 5].  More recently, about 11,000 people succumbed to 
heat stress in Moscow during an abnormally hot 2010 summer [6].  Animal production is 
also affected by high ambient temperatures, which have been estimated to cost the US 
swine industry loses of over $300 million annually, and global losses to animal 
agriculture are in the billions of dollars [7].  Constant heat stress exposure markedly 
increases respiration rates and body temperatures, slows body weight gains and 
significantly reduces performance in humans and livestock [8, 9].  Interestingly, besides 
cooling and rehydration, there are few standard medical procedures to treat heat stroke 
and for patients admitted to hospitals mortality is thought to be >30% [10].   
The gastrointestinal tract primarily serves the important functions of selectively 
absorbing nutrients and water from the lumen and forming a critical barrier between the 
luminal contents and systemic circulation.  Alterations in this function and integrity will 
be detrimental to health, performance and wellbeing of mammals [11].  Heat stress and 
heat stroke can cause intestinal dysfunction and increases gastrointestinal permeability to 
macromolecules and endotoxin [12-15].  Moreover, heat stress has been shown to 
increase pathogenic Salmonella migration across the intestinal tract of poultry [16].  
Physiologically, the intestines are impacted in heat-stressed mammals due to the 
partition blood to the periphery in an attempt to maximize radiant heat dissipation, and 
this blood redistribution is supported by vasoconstriction of the gastrointestinal tract [17].  
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As a result, reduced blood and nutrient flow causes hypoxia at the intestinal epithelium, 
which ultimately compromises intestinal integrity and function [18].  Although the 
mechanisms by which heat stress alters intestinal function and integrity are not fully 
understood, inflammation and hypoxia is known to regulate intestinal tight junction (TJ) 
proteins such as occludin and claudin’s [19-21].  Moreover, reduced nutrient and caloric 
intake during high ambient temperature exposure may also significantly contribute to this 
compromised intestinal integrity [1].  We have previously reported using a swine pair-
feeding models matched to heat stress feed intake levels, that many of the changes due to 
heat stress within the gastrointestinal tract appear could be directly mediated by reduced 
feed intake and not higher core temperatures [15]. 
Therefore, our objective was to evaluate the consequences of an acute, severe 
heat-load and reduced feed intake on the ileum protein profile using two-dimensional 
DIGE and MALDI-TOF mass spectroscopy.  Additionally, we aimed to identify novel 
intestinal protein profiles that may explain how pigs perceive and initially adapt to 
extreme ambient heat loads.    
 
Materials and Methods 
Animals 
All experimental procedures involving animals used in this experiment have been 
previously described and approved by the Iowa State University Institutional Animal 
Care and Use Committee (protocol #2-12-7307-S).  Briefly, crossbred gilts (n = 24, 64 ± 
3 kg BW; Pig Improvement Company C22/C29 × 337,) were selected by BW and 
randomly blocked into individual pens (with individual feeders and waters) across two 
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rooms. Animals were allowed to acclimate to their pens for 3 d and reared in thermal 
neutral (TN) conditions (20 ± 1°C; 35 to 50% relative humidity).  Thereafter, pigs were 
then assigned to one of three treatments for 12h: 1) thermal neutral (TN, n=8) conditions 
(21°C; 70% humidity) with ad libitum feed intake; 2) heat stress (HS, n=8) conditions 
(constant 37°C; 40% humidity) with ad libitum intake; or 3) pair-fed thermal neutral 
(PFTN, n=8) conditions to mirror feed intake of the HS pigs while reared under TN 
conditions.  Pair-feeding was conducted to determine confounding effects of dissimilar 
nutrient intake as we have previously described [22, 23].  During the 12 h period, animals 
were monitored continuously for signs of distress and measures such as core temperature 
and respiration rates were taken every 2 h.    
 
Tissue Collection and protein extraction   
After the 12 h experimental period, all pigs were euthanized by barbiturate 
overdose.   A section of the ileum (2 m proximal from the ileal-cecal junction) was 
collected, flushed with phosphate-buffered saline (PBS) and snap frozen in liquid 
nitrogen, and stored at -80°C until further analysis.   
Protein from these ileal samples (0.5 g) was then extracted in 4 mL of a urea 
buffer (8.3 M urea, 2 M thiourea, 2% CHAPS, and 1% DTT, pH 8.5), homogenized, and 
then centrifuged at 10,000 x g for 30 min.  The supernatant was reserved and protein 
concentrations were determined using the Quick Start™ Bradford Protein Assay (Biorad, 
Hercules, CA, catalog no. 500-0201).  Samples were then adjusted to a final protein 
concentration of 3.5 mg/mL.   
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2D-DIGE 
Two-dimensional difference gel electrophoresis (2-D DIGE) was used to 
determine differences in protein profile in whole ileum between TN, HS, and PFTN 
animals as previously described [24-27] with minor modifications.  A pooled sample was 
created from equal protein amounts from all animals, and then the standard was used for 
protein identification gels.  A total of 50 µg of each individual sample was labeled with 
CyDyes 3 or 5 (GE Healthcare, Piscataway, NJ) according to the manufacturer's 
directions.  As only two samples plus a reference could be run on one gel, the CyDyes 3 
and 5 were alternated between the three treatments and arranged in such a way that all 
combinations (i.e. TN vs. HS, PFTN vs. HS and TN vs. PFTN) were covered.  CyDye 2 
was used to label the pooled internal standard sample.  For each individual run, 15 µg of 
labeled ileal protein (CyDye 3 or 5) was used in addition to the pooled standard (CyDye 
2) for a total of 45 µg of protein per gel. 
For the first dimension, DeStreak Rehydration Solution (GE Healthcare, 
Piscataway, NJ) with 2.5 mM dithiothreitol (DTT) was added to the protein mixture to 
the volume specified by strip manufacturer (200 µL).  The protein mixture was added to 
individual wells in a re-swelling tray and an immobilized pH gradient (IPG) strips (11 
cm, pH 3–10, GE Healthcare, Piscataway, NJ) and allowed to rehydrate overnight at 
room temperature in a humidified chamber.  Isoelectric focusing was performed using an 
Ettan IPGphor isoelectric focusing system (GE Healthcare, Piscataway, NJ) for a total of 
11,500 V/h.  After isoelectric focusing, strips were equilibrated using two 15 min washes; 
first with equilibration buffer (50 mM Tris–HCl pH 8.8, 6 M urea, 30% glycerol, 2% 
SDS, and trace amounts of bromophenol blue) containing 65 mM DTT; and second with 
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equilibration buffer containing 135 mM iodoacetamide. 
The equilibrated strips were loaded onto 12.5% SDS-PAGE gels (100:1 
acrylamide:N,N′-bis-methylene acrylamide, 0.1% SDS, 0.05% TEMED, 0.05% 
ammonium persulfate, and 0.5 M Tris–HCL, pH 8.8) using agarose as an overlay.  The 
ileum protein samples were run on then second dimension using an Ettan DALT SIX 
system (GE Healthcare, Piscataway, NJ) containing 24 cm gels with two 11 cm strips on 
each gel.  Each gel was run in duplicate for a total of 48 gels.  Gels were imaged using an 
Ettan DIGE Imager (GE Healthcare, Piscataway, NJ).  Images were processed and 
analyzed using DeCyder 2D software version 6.5 (GE Healthcare, Piscataway, NJ).  
 
Protein Identification 
Spots identified as being differentially expressed by the DeCyder 2D software 
(GE Healthcare Life Sciences, Pittsburg, PA) between treatments were selected for 
identification.  To identify these proteins, an unlabeled pooled ileal protein references 
(500-750 µg) were resolved using 2DE and stained with Colloidal Coomassie Blue Stain 
(1.7% ammonium sulfate, 30% methanol, 3% phosphoric acid, and 0.1% Coomassie G-
250) for 48 h prior to destaining in water for 24 h.  Spots identified as different in the 
DeCyder analysis that were not prominent on the Colloidal Coomassie stained gel were 
not selected for identification.  To reduce potential for contamination all reagents and 
buffers used during the protein identification step were filtered (0.22 µm) prior to use.  
Additionally, prominent spots were also sent for identification. 
Selected spots were excised from the 2D gel and sent to the Iowa State University 
Protein Facility for identification.  In-gel trypsin digest using Genomics Solution ProGest 
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(Chelmsford, MA) was performed and the peptides dissolved in CHCA (5 mg/ml in 50% 
CH3CN/0.1% TFA) before being deposited to a MALDI target.  MALDI Mass 
Spectrometry was performed using a QSTAR XL Quad- rupole TOF mass spectrometer 
equipped with an oMALDI ion source (AB/MDS Sciex, Toronto, Canada).  A peak list 
was generated by Analyst QS Version 1.1 (AB/MDS Sciex, Toronto, Canada).  Spectra 
were processed by MASCOT database search Version 2.2.07 (MatrixScience, London, 
UK).  Search conditions included a maximum of one missed cleavage, fixed modification 
(carboxyamidomethyl cysteine), variable modification (oxidation of methionine), peptide 
mass tolerance of ± 100 ppm, and fragment mass tolerances of ±1 Da. Identification was 
based on Mowse Score with a threshold of less than 0.05 (Supplementary Table 2).  
Additional digestions of Lys C and Asp N Endopeptidase were used if digestion and 
identification with trypsin were unsuccessful.  Confirmation of ten proteins was carried 
out using a western blotting technique described previously [28] after rehydrating and 
iso-electrically focusing proteins on a 7 cm pH 3–10 strip.  
 
mRNA abundance analysis.   
Total RNA was isolated from 0.2 g of whole frozen ileum samples using a 
commercially available kit and its protocol (RNeasy fibrous tissue mini kit, Qiagen, 
Valencia, CA).  Total RNA was quantified and cDNA synthesized for real-time 
quantitative PCR as previously described [15].  Real-time quantitative PCR was 
performed on one 48.48 Dynamic Array IFC plate to analyze mRNA abundance of 48 
selected genes using a BioMark™ HD system (Fluidigm Corporation, San Francisco, 
CA).  The ileal derived cDNA used underwent specific target amplification using the 
  
 
 
167 
TaqMan PreAmp Master Mix (Life Technologies) and was loaded onto Fluidigm’s 
Dynamic Array Integrated Fluidic Circuits (IFC) according to Fluidigm’s EvaGreen 
DNA binding Dye protocols (Fluidigm Corporation, San Francisco, CA).  Gene symbols, 
accession numbers and primer sequences are listed in Table 5.8.  Four genes (RPL32, 
ACTB, TOP2B and GAPDH) were included into the quantitative PCR array as 
endogenous reference genes.  The mRNA abundance values for each sample were 
normalized to these reference genes using the 2ΔΔCT method [29] and the Fluidigm 
Biomark™ HD software (Fluidigm Corporation, San Francisco, CA).   
 
Statistical Analyses 
 Protein spot differences were statistically analyzed using the DeCyder 2D 
software version 6.5 (GE Healthcare, Piscataway, NJ). Gene abundance data were 
statistically analyzed using the PROC MIXED procedure of SAS version 9.2 (SAS Inst. 
Inc. Cary NC).  Data are reported as LSmeans and considered significant if P ≤ 0.05 and 
a tendency if 0.05 > P ≤ 0.10.  The model included comparison of all 3 treatments (TN, 
HS and PFTN) as a fixed effect.  
 
Results 
Protein profile changes in response to heat stress or pair-feeding 
 A total of 899 protein spots were found in the isolated ileum tissue by 2D-DIGE.  
These spots were then filtered based upon appearance (found on >50% of gels) and the 
final spot count was adjusted to 551.  Twenty spots were differentially expressed (P < 
0.05) between TN and PFTN pigs (8 increased due to PFTN).  Two hundred eighty spots 
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were differentially expressed (P < 0.05) between TN and HS pigs (111 increased due to 
HS).  One hundred thirty spots were differentially expressed (P < 0.05) between PFTN 
and HS pigs (45 increased due to HS).  Based upon P-value rankings, we selected a total 
of 30 protein spots that were picked for identification, of which 24 were identified 
(Figure 5.1; Tables 5.1-5.3).  Sequence coverage and MOWSE scores are located in 
Table 5.6.  Confirmation of the identification of five of these 24 proteins (aldolase, HSP 
27, HSP 70, GAPDH, and HSP 90-α) was carried out using antibodies presented in Table 
5.7.  
In the comparison of TN vs. HS (Table 1), several heat shock proteins (HSP’s) 
were upregulated including HSP 27 (20% increase in HS), HSP 90-α (40% increase in 
HS pigs), HSP 90-β (20% increase in HS pigs), HSP 70 (2 spots; one increased 92% and 
the other 18%), HSP 65 (9% increase in HS pigs).  Metabolic proteins that were 
differentially expressed at a P < 0.05 include isocitrate dehydrogenase, mitochondrial 
(100% decrease in HS pigs), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 4% 
decrease in HS pigs), fructose 1,6-bisphosphate aldolase (11% decrease, alpha-enolase 
(12% decrease in HS pigs).  Proteins related to oxidative stress that were differentially 
expressed include peroxiredoxin-1 (50% decrease in HS pigs).  Other stress and immune 
related proteins included prolyl 4-hydroxlase β (10% decrease), vimentin (20% increase 
in HS pigs), peptidyl-prolyl cis-trans isomerase (2 spots; 20 and 16% decreased in HS 
pigs), Rho GDP inhibitor 1 (50% decrease), neurofibromin (14% increase in HS pigs), 
stress-induced phosphoprotein 1 (29% increase in HS pigs), cofilin 1 (16% decrease in 
HS pigs), calponin 1 (13% decrease in HS pigs), proteasome activator PA28-α subunit 
(9% decrease in HS pigs), proteasome activator complex subunit 2 (9% decrease in HS 
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pigs), and immunoglobulin G γ-chain (11% increase in HS pis).   
In the comparison of PF vs. HS (Table 5.2), many of the same proteins were 
identified as different as in the TN vs. HS comparison.  HSP 27 was increased 20% in HS 
pigs compared to PFTN counterparts.  With that, HSP 90-α was increased 40% in HS 
pigs, endoplasmin precursor (HSP 90-β) was increased 19%, HSP 65 was increased 10%, 
and HSP 70 was increased 20% in HS pigs.  Metabolic proteins that were differentially 
expressed at a P < 0.05 level include isocitrate dehydrogenase, mitochondrial (70% 
decrease in HS pigs), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 8% decrease 
in HS pigs), fructose 1,6-bisphosphate aldolase (8% decrease in HS pigs), and alpha 
enolase (10% decrease in HS pigs).  Proteins related to oxidative stress that were 
differentially expressed include peroxiredoxin-1 (30% decrease).  Other stress and 
immune related proteins included peptidyl-prolyl-cis-trans isomerase A (2 spots at 10 and 
15% decrease in HS pigs), stress-induced phosphoprotein 1 (19% increase, 
immunoglobulin γ-chain (18% increase in HS pigs), Rho-GDP inhibitor 1 (14% decrease 
in HS pigs), cofilin 1 (19% decrease in HS pigs), and neurofibromin 1 (20% increase in 
HS pigs). 
In the comparison of TN vs. PF (Table 3), three proteins were identified as 
different.  Prolyl-4-hydroxylase β polypeptide was decreased 10% in PFTN pigs 
compared to TN pigs, vimentin was increased 20%, and HSP 70 was increased 15% in 
PFTN pigs.   
 
Heat stress and pair-feeding alter ileal gene abundance 
The changes in key ileum metabolism, integrity and function gene abundances 
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due to HS or PFTN conditions are reported in Table 5.4.  Ileal HSP 27 gene abundance 
was increased almost 3-fold (P = 0.05; in HS pigs compared to both TN and PFTN pigs.  
A similar trend followed for HSP 70 (P < 0.01) and HSP 90AA (P = 0.15), although the 
magnitude of increase was different (15-fold for HSP 70 and 2.5-fold for HSP 90- α).   
Heat shock factor-1 (HSF1) gene abundance was not different between treatments (P > 
0.05).   Hypoxia inducible factor 1- α (HIF1A) was also not different between treatments 
(P > 0.05); however there was a tendency for HIF 2 to be increased (P = 0.07) in HS pigs 
compared to both TN and PFTN pigs.  Lactate degydrogenase A (LDHA) did not differ 
between treatments (P > 0.05), however pyruvate dehydrogenase kinase (PDK4) was 
increased (P < 0.01) almost 15-fold in HS pigs compared to both TN counterparts. There 
were no treatment differences between the three treatments (P > 0.05) in the gene 
abundances of sodium-glucose cotransporter-1 (SLC5A1), Na+/K+ ATPase (ATP1A1), 
AMP activated protein kinase-α (PRKAA2), glucose transporter 2 (SLCA2), citrate 
synthase (CS), glyceraldehyde phosphate dehydrogenase (GAPDH), hexokinase (HK1), 
or catalase (CAT). 
 
Discssion 
Heat stress and reduced caloric intake can reduce intestinal integrity and function 
[14, 15, 30].  Herein, we have reported several heat shock proteins (HSP), including HSP 
27, 65, 70, 90-α and 90-β that are upregulated due to HS and many of these are heat-
inducible.   Gene expression of HSP’s 27, 70, and 90- α followed a similar pattern to the 
protein expression differences and this was to be expected as expression of these proteins 
are transcriptionally regulated [31]. 
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Heat shock protein β-1, also known as HSP 27 is a cytosolic heat shock protein 
that is a chaperone of other small heat shock proteins.  It is involved in thermo-tolerance, 
inhibition of apoptosis, regulation of cell development, and differentiation, as well as 
signal transduction.  It is also important for smooth muscle contraction as it co-localizes 
with actin filaments.  It is modified by phosphorylation (via mitogen-activated protein 
kinase-2) in response to several factors, including heat shock [32].  It has also been 
shown to be upregulated due to necrotizing enterocolitis in preterm pigs [33].   
Heat shock protein 70 has been shown to protect cells (including intestinal 
epithelial cells) from thermal or oxidative stress [34, 35] and may enhance tolerance to 
environmental changes or pathogenic conditions [14, 15, 36, 37].  It also inhibits 
apoptosis, and may enhance activation of immune cells [38].  Previously, we have shown 
an upregulation of HSP 70 in the intestine in both ileum and colon during HS [14].  Heat 
shock protein 90 has two subunits, with the alpha subunit being cytosolic and the beta 
subunit located in the endoplasmic reticulum [39].  Similar to other HSPs, it acts as a 
molecular chaperone and has ATPase activity, which is modulated by co-chaperones.  In 
the endoplasmic reticulum, the beta subunit functions in processing and transport of 
secreted proteins and are required for proper folding of toll-like receptors (TLR) [40].  
Stress-induced-phosphoprotein 1 was also upregulated due to HS.  This protein is also 
known as Hsp70/Hsp90-organizing protein (HOP) which functions as a co-chaperone to 
link HSP 70 and HSP 90 together.  HOP facilitates interaction by acting as an adaptor 
protein between the two HSPs so substrate can be transferred from one to the other [41].    
Another pathway that appeared to be affected by heat stress is oxidative stress or 
antioxidant system.  Antioxidant status during disease is extremely important for 
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protection of cells as well as defense against invading pathogens [42].  Peroxiredoxins are 
antioxidant enzymes, which control cytokine-induced peroxide levels [43].  They also 
stimulate TLR4-dependent cytokine secretion from immune cells, via the MyD88-
dependent pathway.  They function as peroxidases, which reduce hydrogen peroxide, 
lipid hydroperoxides, and peroxynitrites.  Peroxiredoxin-1 specifically may act as a 
damage-associated molecular pattern molecule (DAMP) [44].  Similar DAMP’s that 
interact with TLR4 also include HSP72 and HMGB1 [45].  The down-regulation of 
Peroxiredoxin-1 during heat stress suggests a decreased ability of animals to handle ROS. 
 Often accompanied with the heat shock and oxidative stress response is hypoxia.  
Hypoxia is regulated by a complex system of oxygen sensing mechanisms within the 
body. The intestine is generally physiologically hypoxic under normal conditions; 
however, several conditions can also induce hypoxia such as altitude sickness, 
ischemia/reperfusion injury, heat stress, as well as others.  Hypoxia-inducible factors 
(HIF’s) are transcriptional regulators that play a role in oxygen homeostasis.  There are 
three subunits involved in oxygen regulation including HIF 1-α, HIF 2-α, and HIF 3-α.  
HIF requires hydroxylation by prolyl-4-hydroxylases to be targeted for ubiquitination and 
subsequent proteolysis to remain inactive.  There are three prominent prolyl-4-
hydroxylase domains (PHD1, PHD2, and PHD3) with the PHD2 involved with HIF 1-α 
regulation [46].  In previous studies by our group, we have shown an upregulation of HIF 
1-α in the intestine under HS conditions [14].  HIF prolyl-4-hydroxylase inhibitors have 
been shown to prevent oxidative death and ischemic injury [47].  Our current data 
suggests that lower expression of prolyl-4-hydroxylase beta would indicate a protective 
effect for the intestine, and may also help explain an up-regulation in HIF, as it would be 
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in a more active state.  We also measured gene expression of both HIF 1-α and HIF-2, 
and although the trend was similar, only HIF-2 was significantly higher in HS pigs.   
Interestingly, multiple metabolic enzymes were downregulated due to heat stress, 
independent of feed intake.  Isocitrate dehydrogenase (IDH) is a Krebs cycle enzyme 
responsible for converting isocitrate to isoglutarate while also producing NADPH.  This 
enzyme was dramatically decreased in HS pigs.  Aside from its role in the TCA cycle, 
IDH also has other functions.  The metabolic product of this enzyme reaction, 2-
oxoglutarate is required for HIF 1-α hydroxylation.  Decreased HIF 1-α hydroxylation 
enables stabilization of the HIF 1-α transcript, facilitating greater activity.  With that, the 
NADPH produced from the reaction provides reducing equivalents involved in protecting 
against toxicity of reactive oxygen species (ROS) via glutathione (GSH) regeneration.  
Less NADPH may indicade a reduced ability of the body to combat ROS and potentially 
less GSH [48].  
 Three other downregulated metabolic enzymes are members of the 
glycolytic/gluconeogenic pathway and include fructose bisphosphate aldolase, alpha-
enolase, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).  GAPDH enzymes 
are oxioreductases mainly known for their involvement in glycolysis.  However, recent 
research suggests that there are several non-glycolytic functions of GAPDH.  GAPDH is 
oxidatively modified by S-glutathionylation, as well as ROS.  The interaction between 
GAPDH and GSH is quite interesting.  S-glutathionylation by GSH changes the 
isoelectric point (pI) of GAPDH from 8.1 to 6.9, making it more acidic.  This shift in pI 
causes GAPDH to shift from its role in glycolysis, to the pentose phosphate shunt in 
order to produce more NADPH reducing equivalents.  NADPH is important for GSH-
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reductase to reduce GSSG to GSH [49].   Interestingly, in the current study we observe a 
decrease in protein expression of GAPDH in heat-stressed pigs.  This is accompanied by 
a shift in isoelectric point, possibly indicating that the animals are trying to shift 
metabolic pathways in order to prioritize oxidative stress protection, but may have 
lowered antioxidant status.  We did not observe any gene transcription differences for 
GAPDH, however as noted above the modifications may be related more to post-
translational modifications as opposed to an increased number of transcripts.  
Metabolically, both HS and endotoxin-induced inflammation have been shown to 
shift post-absorptive fuel selection from oxidative phosphorylation to glycolytic 
metabolism.  We have previously demonstrated increases in blood glucose, glucose 
transport mechanisms [14] and decreases in brush border enzyme activities in pigs heat-
stressed for 24 h [50].  Interestingly HIF 1- α transcribes genes involved in glycolytic 
metabolism, including the three proteins identified here.  To further the idea that heat-
stressed mammals conserve glucose, we saw an increase in gene expression of pyruvate 
dehydrogenase kinase (PDK4).  This enzyme inhibits the pyruvate dehydrogenase 
complex and conserves glucose by reducing its conversion to pyruvate.  This data fits 
with previous HS studies which observe increases in PDK4 in muscle [51].   
Intriguingly, we also saw a reduction in peptidyl-prolyl isomerase A (Pin1 or 
Cyclophilin A) in two different protein spots.  Pin1 is one of the main cyclophilins in 
mammalian cells and possesses PPIase activity.  PPIases catalyze isomerization of 
peptidyl-prolyl peptide bonds.  Pin1 is also important for phosphorylation-dependent 
signaling pathways including apoptosis, and the cell cycle.  Under normal conditions, 
Pin1 is abundant in enterocytes located in the villi of the small intestine, while under 
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disease conditions it is only found near the crypt regions [52].  Several studies have 
shown that expression of Pin1 is controlled by HIF 1-α and that upregulation of the gene 
induces activation of ERK signaling, thus increasing cell proliferation.  It can also 
actively be released into extracellular space in response to inflammatory stimuli.  
Extracellular Pin1 can also act as a chemoattractant for immune cells [53].  The reduction 
seen in Pin1 does not fit with our hypoxia response, however, as we have not observed a 
significant inflammatory response.   
Multiple proteins involved in cell structure and signal transduction were also 
altered due to HS.  Vimentin is a type III intermediate filament protein normally 
expressed in mesenchymal cells.  However, it is also expressed in the intestine and is 
involved in cell migration.  It, along with other microfilaments, comprises the 
cytoskeleton.  Depending on the species, vimentin is mainly expressed in the lamina 
propria of the intestinal mucosa as well as at the base of crypts.  However, it is not 
significantly expressed in epithelial cells themselves [54].  Manipulation of the cell 
plasma membrane and it’s associated proteins is necessary for pathogen survival, and 
research has shown vimentin to be a binding target for pathogens such as porcine 
reproductive respiratory syndrome virus (PRRS;[55]).  Upregulation of vimentin gene 
expression has been observed during bacterial infection [56]. 
Cofilin is a protein, which directly regulates actin dynamics and 
depolymerization.  Decreased intestinal integrity has been correlated with cofilin 
dephosphorylation, possibly implicating it in disruption of tight junctions in Caco-2 cells.  
When cofilin is dephosphorylated, this causes F-actin to rearrange and appears to be 
independent of MLCK activation [57].  Cofilin-1 identified in the current study has a pI 
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of 8.21, which would imply that it is in its unphosphorylated state. Interestingly, from an 
expression standpoint, our current results are contrary to previous studies as cofilin was 
decreased due to HS in the ileum.  However, all the mechanisms for increased 
permeability appear to be activated.  We have reported in prior studies that HS induces a 
decrease in transepithelial electrical resistance (TER) in the ileum [14] and increased 
intestinal permeability via dextran flux.  Additionally, this may be a result of the increase 
in myosin light chain kinase (MLCK) protein expression and subsequent changes in tight 
junction protein expression [14, 15].  
Another cytoskeleton element that is changing due to heat stress is calponin.  
Compared to animals on a similar plane of nutrition, HS caused a decrease in calponin-1 
expression.  Calponin is a calcium-binding inhibitor of the ATPase activity of myosin, 
decreasing the ability of smooth muscle to contract.  It is phosphorylated upon calcium 
binding to calmodulin, which relieves its inhibitory effects.  Decreased calponin may 
indicate an increase in smooth muscle contraction, as myosin ATPase activity would be 
less inhibited.   
Rho GDP-dissociation inhibitor 1 or α is a member of the Rho GDP-dissociation 
inhibitor (RhoGDI) family proteins, which negatively regulate Rho-family GTPases and 
control Rho protein homeostasis.  RhoGDI’s inhibit GTPase functions including 
cytokinesis, phagocytosis, actin dynamics, and cell motility.  In cell culture models of 
cancer, loss of RhoGDI increases apoptosis in a caspase-dependent manner [58].  In 
human patients with inflammatory bowel disease (IBD), RhoGDI-1 was shown to be 
upregulated in patients with Chron’s disease (CD) as well as ulcerative colitis (UC).  
Effects of RhoGDI’s on epithelial cells are largely unclear, but may be implicated in 
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reducing epithelial cell integrity and increased permeability during chronic inflammation 
seen during IBD [59].   
Two subunits of the proteasome, and more specifically, the immune-proteasome 
were decreased due to HS.  The 26S proteasome is an ATP-dependent protease complex, 
which is responsible for proteolysis of many non-lysosomal proteins.  This can occur in 
an ubiquitin-dependent or independent manner.  The proteasome has influence on the 
immune response.  The main function of the immune-proteasome is to generate peptides 
in the MHC class I antigen presentation pathway.  Proteasomal activity has also been 
linked to increased NF-κB (leading to increased pro-inflammatory cytokine production) 
as IκB must be degraded in order for NF-κB to translocate to the nucleus.  Generally, 
immunoproteasome units are highly expressed in lymphoid organs, including the 
intestine.  Enhanced activity of the immunoproteasome has been implicated in chronic 
inflammatory diseases such as IBD [60, 61].  Our current data may suggest decreased 
proteolysis, or more specifically, a decreased immune response.   
Part of the objective of the study was to look at direct and indirect effects of feed 
intake.  Only three proteins identified, were altered due to a short-term reduction in feed 
intake.  Prolyl-hydroxylase was decreased due to feed intake, while vimentin and HSP 70 
were increased.  These data suggest that the pair-fed pigs were still experiencing some 
level of hypoxia and stress [62].  Food deprivation and decreased feed intake has been 
shown to negatively affect intestinal function under various disease and starvation states 
[63, 64].  A previous proteomic study in mice where animals were starved for 12 h 
showed that after a short period, enzymes involved in glycolysis and energy metabolism 
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were decreased [65].  Although the timing was similar to the current study, our pair-fed 
animals did have access to a limited amount of feed twice a day.   
In conclusion, these data taken together point to an increase in the heat shock 
response and hypoxia in the small intestine of pigs subjected to 12 h of a severe heat-
load.  Even with an increase in intestinal stress, these animals appear to have a reduced 
ability to combat ROS.  With that, several metabolic enzymes are also reduced, many of 
which are involved in the glycolytic or TCA pathways indicating a change in metabolic 
priorities.  This may be due to a change in fuel source, or a shift in pathway intermediates 
to utilize for dealing with an increased ROS load.  Immune function is also altered with 
the immunoproteasome most affected by HS.  Lastly, cell structure and signal 
transduction were negatively affected by HS and several proteins, especially those related 
to intermediate filaments (Table 5).  
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Figure 5.1 – A representative 2D DIGE gel from the ileum showing identified proteins 
(Table 5.1).  A total of 45 µg of CyDye labeled protein (15 µg of each CyDyes 2, 3, and 
5) was loaded onto a 11 cm pH 3–10 IPG strip for the first dimension and the second 
dimension was run on a 12.5% SDS-PAGE gel.  Proteins labeled with CyDye5 are show 
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Figure 5.2 – Detection of heat shock protein 70 (HSP 70) in ileum by the comparison of 
a (A) 2-D DIGE image (CyDye 5) and a (B) western blot. 2-D DIGE performed using 15 
µg of protein labeled with each CyDye loaded on an 11 cm pH 3–10 strip for the first 
dimension and the second dimension on a 12.5% SDS-PAGE gel (acrylamide: N,N′-bis-
methylene acrylamide 100:1, 0.1% SDS, 0.05% TEMED, 0.05% ammonium persulfate, 
and 0.5 M Tris–HCL, pH 8.8). Western blot protocols were followed after loading 40 µg 
of protein on a 7 cm 3–10 pH strip and running the second dimension on a 12.5% SDS-
PAGE gel. 
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Table 5.5 – Categorization and general function information for proteins identified as 
differentially expressed 
Metabolism General Function 
Isocitrate Dehydrogenase [NADP], 
mitochondrial 
Converts isocitrate to oxoglutarate (Krebs 
cycle) 
Chain A, Fructose 1,6-Bisphosphate Aldolase Splits F 1,6 BP to DHAP and GAP, 
glycolysis 
Glyceraldehyde-3-phosphate dehydrogenase 
(phoshorylating) 
Converts GADP to 1,3 BPG in Glycolysis 
Alpha-enolase Glycolysis, hypoxia tolerance, growth 
  
Stress Response General Function 
Endoplasmin precursor (Heat shock protein 90 
kDa β-member 1) 
Chaperone, protein folding, ATPase 
Heat shock protein β-1 (Heat Shock Protein 27) Stress resistance, actin organization, 
inducible 
Heat shock protein HSP 90-α Molecular chaperone, ATPase 
Stress-induced-phosphoprotein 1 (Hsc70/Hsp90-
organizing protein) 
Mediates association of molecular 
chaperones HSC70 and HSP90 
Heat shock 70kDa protein 8 (2 spots) Chaperone, protein folding, ATPase 
Heat shock protein 65 Immunodominant antigen, immune response 
  
Oxidative Stress/Immune System General Function 
Peroxiredoxin-1 Antioxidant, reduces ROS 
Peptidyl-prolyl cis-trans isomerase A 
(Cyclophilin A) (2 spots) 
Accelerates protein folding, 
immunosuppression 
Prolyl 4-hydroxylase beta polypeptide Prolyl hydroxylation of HIF and 
preprocollagen 
Proteasome activator PA28 alpha subunit 
(PSME1) 
Proteasome, immunoproteasome 
Proteasome activator complex subunit 2 Immunoproteasome assembly, antigen 
processing 
Immunoglobulin γ-chain  Antibody 
  
Cell Structure/Signal Transduction General Function 
Vimentin-like Intermediate filament, cell structure 
Rho GDP-dissociation inhibitor 1 (GDIR-1) Rho protein homeostasis, cell motility 
Neurofibromin (NF-1) Negative regulator of Ras pathway 
Cofilin-1 Actin-modulating protein, depolymerizes 
actin 
Calponin-1 Calcium binding, inhibits ATPase activity of 
myosin 
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Figure 5.3 – 2D-Western blot protein identification confirmations. All spots identified using 2D-
Western blots were in the same molecular weight and pH range as the protein spot in the 2-D 
DIGE gel.  A secondary control was performed for each secondary used. Antibodies and 
concentrations are listed in Table 5.7.  
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Table 5.7. Primary and secondary antibody dilutions and manufacture information of the 
antibodies used for confirmation of select proteins identified in the 2-D Difference In Gel 
Electrophoresis analysis 
 
Protein  
 
Primary Antibody 
Dilution 
Type 
Manufacture  
Secondary Antibody 
Dilution 
Manufacture 
Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) 
Anti-GAPDH 
1:1,000 
Mouse Monoclonal 
Biochain Y3322GAPDH 
Anti-mouse IgG 
1:10,000 
NB7544 
Novus Biologicals 
Aldolase Anti-Aldolase 
1:20,000 
Rabbit monoclonal 
Abcam AB169544 
Anti-rabbit IgG 
1:10,000 
81-6180 
Zymed Laboratories 
Heat Shock Protein 70 (HSP 70)  Anti-HSP70 
1:1,000 
Mouse Monoclonal 
Novus NB110-96427 
Anti-mouse IgG 
1:10,000 
7076S 
Cell Signaling 
Heat Shock Protein 27 (HSP 27) Anti-HSP27 
1:1,000 
Rabbit Monoclonal 
Abcam AB109376 
Anti-rabbit IgG 
1:10,000 
7074S 
Cell Signaling 
Heat Shock Protein 90-α (HSP 
90-α)  
Anti-HSP90A 
1:1,000 
Rabbit Monoclonal 
Cell Signaling 8165S 
Anti-rabbit IgG 
1:10,000 
7074S 
Cell Signaling 
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CHAPTER 6.  GENERAL CONCLUSIONS AND FUTURE DIRECTION 
Heat stress (HS) negatively impacts animal wellbeing, performance and product 
quality (i.e. carcass). In addition, HS also jeopardizes human health, work productivity 
and performance.  The global economic impact of HS to animal agriculture is immense 
(St-Pierre et al., 2003) and this value is likely to increase with the elevated threat of 
global warming and increased incidence of severe weather events (EPA, 2014).  For 
swine production, despite recent advances in heat abatement strategies, HS continues to 
cause increased days on feed, health problems, reduced growth, and reduced reproductive 
performance, and if severe enough, leads to mortality.  Swine HS research has primarily 
focused on applied and practical aspects of pork production (growth performance, 
nitrogen metabolism and carcass quality etc…).  However, research examining the 
impact HS has on intestinal function and metabolism in swine is somewhat limited.  One 
of the main objectives of this dissertation was to study how pigs first perceive and then 
initially respond to HS.  Surprisingly, a majority of the published literature has focused 
on more long-term HS phenotypes (greater than 24 h exposure).  Therefore, the overall 
objective of this dissertation was to chronologically evaluate how a pig initially perceives 
and copes with heat stress.  Five experimental chapters where conducted to address this 
overall objective.  We designed and utilized a HS model that encompassed both a 
constant and severe heat load that would enable us to characterize the maximum 
physiological response.  This model may also emulate more of a heat-stroke model.  We 
realize that in terms of practical or applied application, a cyclical heat load over 3-4 days 
would better emulate HS conditions in the mid-west pig production summers.    
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The objective of the first study in this dissertation (Chapter 2) was to evaluate and 
characterize the effects of prolonged (24 h) HS on intestinal integrity, metabolism, and 
function in growing pigs. Furthermore, we hypothesized that a high heat-load would 
detrimentally alter intestinal integrity leading to augmented endotoxemia and 
inflammation.  Over this 24 h HS period, these pigs exhibited a typical HS phenotype of 
reduced feed intake, increased rectal temperatures and respiration rates, as well as 
reduced body weights.  Additionally, HS severely compromised intestinal integrity in 
both the ileum and colon.  This was also accompanied by increased circulating endotoxin 
concentrations and changes in blood gas and metabolite profiles.  
Gastrointestinal epithelial tight junction proteins such as zonula occludin, 
claudins, and occludins re-distribute or re-localize during times of stress and are 
associated with reduced intestinal integrity (Turner, 2009, 2006; Zhang et al., 2010).  In 
an attempt to study the localization of these proteins by western blot, we observed an 
overall (membrane plus cytosolic) increase in claudin 3 and occludin protein expression 
due to HS.  Although puzzling, this occludin data agrees with previous 24 h intestinal HS 
research in which occludin protein was upregulated (Dokladny et al., 2006; Dokladny et 
al., 2008).  Increased expression of these TJ proteins may indicate a barrier enhancement 
effect during HS in an attempt to compensate for increased permeability.  Interestingly, 
the distribution of TJ proteins differed, in that claudin 3 protein expression was more 
highly expressed in the membrane fraction, while occludin was more highly expressed in 
the cytosolic or detergent insoluble fraction compared to the TN samples.  However, 
more conclusive immune-histochemistry analysis is required to better understand these 
protein-protein interactions and their localization during HS. 
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Tight junction protein-protein interactions are coordinated up-stream by several 
kinases and redistribution of these TJ proteins have been shown due to oxidative stress 
(Musch et al., 2006) in a c-Src kinase dependent manner (Basuroy et al., 2003).  The Src-
family kinases are thought to be involved in TJ assembly and intestinal integrity.  
Additionally, casein kinase II-α also plays a key role in occludin phosphorylation and 
acts as an important regulator of ZO-1, claudin-1, and claudin-2 protein interactions.  
Upon CKII-α activation, TJ protein complexes dissociate and lead to impaired barrier 
function (Raleigh et al., 2011).  In the current study we have shown HS to increase ileum 
CK II-α expression, indicating another mechanism through which TJ disruption of the 
intestinal epithelium may occur.  Interestingly, no differences in c-Src expression were 
observed due to HS.  
Regulation of the intestinal epithelial cell cytoskeletons is also critical in TJ 
physiology and intestinal integrity. This cytoskeleton regulation is largely mediated by 
myosin light chain kinase (MLCK) and post-translational modifications to myosin light 
chain (Turner, 2006).  Increased expression and activation of MLCK and subsequent 
phosphorylation of myosin light chain has been observed during HS and associated with 
increased intestinal permeability (Yang et al., 2007).  This agrees with our data, as HS 
increased MLCK protein expression and reduced intestinal integrity.  Interestingly, 
MLCK is known to be activated by oxidative stress, hypoxia and HIF 1-α (Qi et al., 
2011).  Therefore, there appears to be a strong link between HS induced intestinal 
oxidative stress and hypoxia and changes in intestinal epithelial integrity, as we have 
repeatedly shown HS to increase intestinal markers of oxidative stress and hypoxia.  
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A key finding from the first study of this dissertation clearly demonstrated for the 
first time that HS pigs have conserved intestinal glucose transport machinery compared to 
their TN counterparts.  Ileum active glucose transport measured ex vivo in modified 
Ussing chambers was augmented.  Further supporting these data were the increase in 
glucose transporter 2 expression and Na+/K+ ATPase activity, as well as blood glucose 
concentrations (in the face of reduced feed intake).  However, we also reported a 
significant decrease in brush boarder digestive capacity (sucrase, maltase and 
aminopeptidase activities).  This was similar to previous work in heat-stressed poultry 
(Garriga et al., 2006).  We speculate that this increase in glucose uptake and blood 
glucose in the presence of reduced feed intake relates to post-absorptive fuel selection 
being more toward glycolytic metabolism under stress (O'Neill and Hardie, 2013; Seppet 
et al., 2009).  We also speculated that the increase in intestinal glucose transport is a 
possible mechanism for cellular protection and hydration during HS.  Intestinal SGLT-1-
mediated glucose uptake has been shown to protect intestinal epithelial cells against LPS 
and Giardia-induced apoptosis via targeting mitochondrial dependent and independent 
pathways (Yu et al., 2008; Yu et al., 2006).  The increase in glucose transport due to HS 
may also be a reflection of increased water transport. Water can be co-transported along 
with Na+ and glucose through SGLT-1 (Wright and Loo, 2000). 
Immunologically, this study was also interesting as we reported no increases due 
to HS in mucosal inflammation markers, and a decrease in circulating proinflammatory 
cytokines (IL-8, IL-1β, and TNF-α) compared to TN pigs.  This is contrary to other 
species including poultry, rodents, humans, and cattle, in which HS has been shown to 
orchestrate an inflammatory response (Lambert, 2009; Leon et al., 2006; Lim et al., 2007) 
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and this is one of the first studies to our knowledge to demonstrate an attenuated 
proinflammatory response in heat-stressed pigs. 
Considering the severity of the 24 h phenotype, we next designed a series of 
studies (Chapters 3-5) to examine the time course of a more severe heat-load.   The first 
of these (Chapter 3), examined an acute HS exposure time course of 0, 2, 4, and 6 h.  The 
fourth and fifth chapters examined the effects of 12 h of HS on growing pigs and 
included pair-fed thermal neutral and dietary zinc treatment comparisons.    The heat load 
for these 0 - 12 h studies was more severe (37°C) compared all other work we have 
conducted (Pearce et al., 2013a; Pearce et al., 2013b), including Chapter 2 (35°).  
However, the HS phenotype for our 2 to 12 h time points was very similar to what was 
reported in Chapter 2, although larger differences in rectal temperatures and respiration 
rates between HS and TN pigs due to the increase in ambient temperature between 
experiments were observed 
Heat shock proteins (HSP) are inducible by stresses such as high ambient heat and 
HS is often accompanied by hypoxia. We reported a linear increase in HSP 70 and HIF 1-
α expression in the ileum and colon from 2 to 12 h of HS (Figure 6.1).  This induction of 
HSP and HIF was seen as early as 2 to 4h post HS exposure.  We were also able to 
determine that intestinal integrity declines within the first 2 to 4 h in the ileum, while the 
colon remains unaffected at these time points (Figure 6,1).  Between 6 and 12 h, 
transepithelial resistance (TER) and transport of FITC-Dextran (FD4) integrity markers 
rebounded, as TER increases and FD4 transport decreases by 12 h.  However, from our 
first study and other previous work, we know that ultimately TER decreases again at 24 
h.  This rapid transient increase in permeability was similar to work done in a cell culture 
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model (Dokladny et al., 2006).  It is well documented in HS cases that blood endotoxin 
concentrations increase (Bouchama et al., 1991; Hall et al., 2001; Pearce et al., 2013b; 
Yan et al., 2006).  In support of this and as a consequence of reduced intestinal integrity, 
we also observed an increase in circulating endotoxin by 6 h, which continues to increase 
dramatically by 12 h (Figure 6.1). This response is accompanied by a decrease in LPS-
binding protein from 2 to 12 h.   
The compromise in intestinal integrity as a result of HS was also accompanied by 
an increase in ileum mucin 2 protein expression.  Mucin 2 is a secretory mucin which is 
secreted from intestinal goblet cells and acts as a protective barrier for the intestine.  
During ischemia, mucin addition to intestinal epithelial cells has been shown to improve 
intestinal permeability in rodent small intestine (Chang et al., 2012) and in heat-stressed 
chickens, mucin producing goblet cells are increased in the ileum (Ashraf et al., 2013).  
Ileal mucin-2 (protein and gene expression) was increased by 6 h of HS and remains 
elevated through 12 h of HS compared to the TN controls. Heat stress induced changes in 
intestinal integrity and morphology appears to be orchestrating the increase in mucin 
production in pigs.  We speculate that this increase in mucin expression may be another 
compensatory mechanism to endogenously protect the intestinal epithelial barrier.  
Further, endogenous mucin production may also be contributing to a reduction nitrogen 
balance (Brestensky et al., 2012; Renaudeau et al., 2013) seen in HS pigs and have large 
implications on amino acid metabolism and endogenous loses of serine, cysteine, and 
threonine. These amino acids are highly abundant in the mucin protein (Corfield, 2014).  
The increase in mucin was accompanied by a reduction in villi height and augmented villi 
autolysis.  By 4 to 6 h of HS, intestinal villi are sloughing and undergoing autolysis, 
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indicating severe damage and this damage is still observed at 12 h. This agrees with the 
increased incidence of intestinal lesions in HS mice (Leon et al., 2006). 
Many HS studies in pigs have not attempted to differentiate the differences 
between the direct and indirect effects (i.e. reduced FI) of heat.  Therefore, we also 
utilized a pair-fed thermal neutral model (Chapters 4 and 5) in order to accurately 
determine if environmental heat is independently causing the unwanted HS phenotypes.  
Utilizing this pair-feeding model has allowed for more accurate understanding of the 
physiology related to either caloric restriction or high ambient heat, and will aid in the 
further development of better HS mitigation strategies.   
Previous research by our group has shown that pair-feeding for 7 days (Pearce et 
al., 2013b) explains a large majority of the negative effects on the intestine.  Pair-feeding 
has also been shown to explain a significant reduction in milk production in HS dairy 
cattle (Wheelock et al., 2010).  Utilizing a pair-fed group, we hypothesized that reduced 
feed intake would account for many of the negative consequences to the GI tract during 
HS.  We were able to show that pair-feeding for as little as 12 h has a similar impact as 
HS on growing pig intestinal integrity, decreased TER, increased FD4 and a moderate 
increase in blood endotoxin.  Histologically, pair-fed animals exhibit villi shortening and 
increased villi width and this is accompanied by an increase in mucin-2 protein 
expression.  However, we observed minimal villi tip autolysis, laminar separation and 
structural damage compared to the HS treatment.  Nevertheless, we still conclude that 
reduced feed intake is playing a significant role in intestinal barrier dysfunction.    
By design, the HS protocols utilized in this thesis resulted in marked 
hyperthermia as evident by elevated rectal temperatures and respiration rates.  Another 
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immediate HS phenotype consistently observed was the decrease in feed intake (Chapters 
2-4).  This reduced appetite is presumably a strategy to minimize metabolic heat 
production.  Reduced heat production in pigs exposed to HS conditions has been shown 
in recent respiratory chamber work (Renaudeau et al., 2013).  Decreased feed intake 
during HS was expected, as this is a highly conserved response amongst species 
(Baumgard and Rhoads, 2011; Collin, 2001).  The reduction in feed intake appears to be 
controlled by the hypothalamus and changes in neuropeptide hormones such as gastric 
inhibitory peptide, ghrelin, and cholecystokinin, which cause reduced appetite and 
increased gastric motility (Chapter 3).  Changes in feed intake and gastric processes are 
likely to contribute to the reduced body weights we have consistently observed in our 
research (Pearce et al., 2013a) and reported in this thesis.  Even with short durations of 
high ambient heat exposure (2 to 24 h), we have shown pigs lose a significant amount of 
body weight.  These losses in body weight may partially be explained by a combination 
of reduced feed intake, increased basal metabolic rate and a presumed increase in 
defecation and urination. Although we did not measure water intake, our hematocrit data 
suggest hydration status was not a significant factor in this body weight loss.  Song et al., 
(2011) has shown water intake in HS pigs to increase compared to their thermal neutral 
counter parts.  
Previous work has shown that zinc source (oganic vs. inorganic zinc) can mitigate 
the negative phenotypes associated with HS in pigs (Sanz Fernandez et al., 2013). 
Physiologically, zinc is an activator and integral part of many enzymes and 
metalloenzymes, making it essential for acid-base balance, immune competence and 
basic cellular functions (Golding, 2002; Takkar, 2011).  It is an essential micronutrient 
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for swine and feeding pharmacological concentrations of zinc is also recognized as 
having growth-promoting effects (Hill et al., 2000; Hill et al., 2001).  Additionally, 
dietary zinc can improve small intestinal morphology and attenuate bacterial 
translocation (Huang et al., 1999; Li et al., 2001).  Therefore, to further examine the 
mode of action organic zinc (zinc-amino acid complex) has in attenuating HS in growing 
pigs, we supplemented pigs with 120 ppm of zinc (either 120 ppm organic or 60 ppm 
organic and 60 ppm inorganic) and examined whether zinc amino acid complex would 
have a protective effect at the intestinal level compared to inorganic zinc sulfate (Chapter 
4).  Dietary zinc can be offered in either an inorganic (ZnSO4 or ZnO) or organic (Zn-
amino acid complex, [ZnAA]) forms, with the latter perceived as having greater 
bioavailability (Glover et al., 2003).  We showed that a zinc-amino acid complex is able 
to lower rectal temperatures during 12 h HS exposure, as well as improve aspects of 
intestinal integrity (higher TER, lower FD4, lower endotoxin, higher LPS-binding protein 
(LBP)).  Intestinal histology also reported that the zinc-amino acid complex reduces villi 
sloughing and epithelial damage compared to organic zinc control diets.  Metabolically, 
compared to the inorganic zinc at the same concentration, organic zinc lowered plasma 
urea nitrogen, thus potentially reducing protein break down or overall catabolism that has 
been observed under HS conditions (Marder et al., 1990; Pearce et al., 2013a; Wheelock 
et al., 2010).  The mode of action of organic zinc versus inorganic zinc in regulating 
intestinal function and integrity may be related to its improved bioavailability (Glover et 
al., 2003).    
As the gastrointestinal tract, and particularly the small intestine, is highly 
sensitive to HS, in the last research chapter (Chapter 5), we examined changes in the 
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ileum proteome of pigs exposed to HS, TN or pair-fed conditions for 12 h. Proteomic 
analysis utilized the 2D-DIGE proteomics platform and we accompanied these data with 
transcriptional analysis (mRNA).  Interestingly, comparing a pair-fed thermal neutral 
group to HS and TN pigs, these data suggest that many of the protein changes were due 
to heat directly, as opposed to reduced feed intake.  We only observed 20 differentially 
expressed proteins due to pair-feeding, as opposed to over 100 due to HS, compared to 
TN control animals.   These differentially expressed proteins were identified by mass 
spectrophotometry and interestingly; they were largely unrelated to intestinal barrier 
function.  The differentially expressed proteins that were decreased were metabolic 
enzymes involved mainly in glycolysis and anti-oxidant pathways.  The major ileal 
proteome changes that were increased due to HS were heat shock proteins and related 
stress proteins.  The pathways these proteins are involved in are summarized in Table 6.1 
and include stress response, metabolism, cellular structure, anti-oxidant status, and 
immune function pathways. 
Collectively, this thesis has demonstrated several pathways to be regulated by HS 
in pigs (Table 6.1, Figure 6.1).  Summarized, we report changes in the phenotypic, 
cellular stress, and metabolic responses to HS within 2 to 24 h of exposure in growing 
pigs.  Over time, animals increase core temperature, and respiration rate, while reducing 
feed intake and losing body weight (Figure 6.1A).  With that, the cellular stress response 
is increased, and blood endotoxin is increased.  Interestingly inflammatory markers and 
the acute phase protein, LPS binding protein, are decreased in a time dependent manner 
(Figure 6.1B).  Metabolically, we do not see changes in markers of catabolism (NEFA, 
BUN) until after 6 h of HS, after which they sharply increase (Figure 6.1C).  This is 
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consistent with time course LPS challenge work in nursery pigs (Webel et al., 1997). 
Further, we report blood glucose concentrations fluctuate in response to HS, but 
are maintained in the face of reduced feed intake, whereas insulin begins to decrease after 
about 12 h of HS.  Heat-stroke patients often experience hyperglycemia, which could 
indicate an increase in glucose production, or a decrease in tissue uptake (al-Harthi et al., 
1990).  This has also been observed in a porcine model of terminal heat stress (Marple et 
al., 1974).  Heat stress effects on blood glucose are not entirely conclusive as decreases in 
blood glucose levels have been observed in a variety of species including rats (Mitev, 
2005), ruminants (O'Brien et al., 2010) and chickens (Rahimi, 2005).  However, this 
could be a result of species differences.  
The future research direction of this dissertation would include a more 
mechanistic approach to determining how intestinal hypoxia regulates epithelial glucose 
transport, permeability, and tight junction reorganization.  It would also include finding 
ways to provide heat-stressed animals with important nutrients or supplements that would 
improve intestinal function.  Several nutritional supplements have been tested and many 
show promise.  These include, but are not limited to, zinc, betaine, thiazolidinediones 
(TZD’s), and chromium (Rhoads et al., 2013).  Dietary zinc has been shown to improve 
small intestinal morphology and attenuate bacterial translocation (Huang et al., 1999; Li 
et al., 2001).  Betaine is an osmolyte, and has been shown to aid in the osmoregulation of 
intestinal epithelium as well as affect movement of water across the intestine stabilizes 
the intestinal epithelial structure (Kettunen et al., 2001a; Kettunen et al., 2001b).  
Thiazolidinediones may be a useful target as they are agonists of peroxisome PPAR-γ, 
which is a transcription factor involved in regulation of glucose uptake (Sandouk et al., 
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1993).  They have also been shown to increase expression of heat shock proteins in 
muscle (Taniguchi et al., 2006).  Chromium has been shown to facilitate insulin action on 
metabolism and may play an essential role in glucose metabolism (Rhoads et al., 2013).  
Heat-stressed poultry supplemented with chromium have improved growth rates and feed 
intake (Toghyani et al., 2012) and may improve thermal tolerance.   
Molecularly, improving thermal tolerance by the targeting of the heat shock 
response and up regulation of HSP is an attractive strategy. Increasing HSP may increase 
cell survival, as well as decrease protein damage and aid in acclimation to HS.  This has 
been shown to have a protective effect for diabetes and wound healing (Atalay et al., 
2009).  Similarly, as HS animals appear to have a reduced capacity to combat oxidative 
stress, targeting antioxidants may improve the animal’s ability to handle increased 
oxidation.  Interestingly, as hypoxia and ischemia seem to be a large contributor to 
intestinal damage during HS, targeting this aspect may be helpful.  This may be 
manageable by finding methods to increase blood flow, or reperfusion of the intestines 
with the necessary oxygen and nutrients.  One way to do this may be to increase nitric 
oxide (NO) production, as it is a potent vasodilator and low levels have been shown to 
protect organs from ischemic damage (Chokshi et al., 2008).  Within the intestine, NO 
modulates water and electrolyte transport, as well as intestinal permeability while 
enhancing mucosal blood flow (Barry et al., 1994; Kubes, 1992).  Supplementing animals 
with arginine may help increase endogenous NO, as L-arginine is a necessary component 
of NO production (Wang et al., 2009).   
As we, and others (Pearce et al., 2013b; Yu et al., 2010) have shown HS to cause 
intestinal lesions and autolysis, another potential research and applied nutrition 
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application is the ability to aid in intestinal recovery or restitution. Previous research has 
shown that the mTOR/p70s6k pathway, downstream of PI3-kinase, plays a role in 
intestinal cell migration and recovery from rotavirus and ischemia injury (Rhoads et al., 
2006).  Interestingly, arginine was also shown to activate intestinal mTOR signaling 
(Corl et al., 2008; Rhoads et al., 2007), while dietary glutamine has also been shown to 
prevent intestinal injury while enhancing cell proliferation and reducing apoptosis (Swaid 
et al., 2013).  Epidermal growth factors have also been demonstrated to promote 
intestinal restitution by affecting the integrin-extracellular matrix and intracellular 
adhesions (Su et al., 2013).   Therefore, there are several known pathways that can be 
targeted in an approach to improve the intestines ability to heal after injury, and to 
potentially improve oxygen flow.    
It has been well documented that several organs are affected during HS including 
the intestine, liver, muscle and kidneys (Leon et al., 2006; O'Brien et al., 2010; Pearce et 
al., 2013a; Wheelock et al., 2010).  However, multi-organ dysfunction is not usually seen 
until after bacterial sepsis in many heat-stroke patients (Varghese et al., 2005).  This may 
be a possible clue to the importance of the intestinal barrier during HS as a compromised 
barrier increases the likelihood of developing sepsis (Ramirez et al., 2009).  Due to its 
internal location and reduced blood flow during HS, we believe that the visceral organs, 
and the GIT specifically, are impacted first and once compromised, this leads to a 
cascade effect on other organs.  In severe heat-stroke, the liver also seems to be 
negatively impacted and this may be a result of both reduced blood flow, and toxin 
overload (Varghese et al., 2005).  Therefore, by targeting the intestines first, we may be 
able to prevent subsequent damage to other organs. 
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In conclusion, this body of work has provided novel insights to how pigs first 
perceive and initially respond to HS.  Heat stress induces rapid decreases in intestinal 
integrity, function and metabolism (especially in the ileum). Additionally, HS alters 
glucose metabolism and transport, change appetite regulation, and modify the intestinal 
proteomic profile.  With that, we have shown that providing a nutritional mitigation 
strategy in the form of ZnAA improves many of the negative consequences of HS.   
 
Literature Cited 
1. al-Harthi, S. S., O. Karrar, S. A. al-Mashhadani, and A. A. Saddique. 1990. Metabolite 
and hormonal profiles in heat stroke patients at Mecca pilgrimage. Journal of 
internal medicine 228: 343-346. 
 
2. Ashraf, S. et al. 2013. Effect of dietary supplementation of prebiotics and probiotics on 
intestinal microarchitecture in broilers reared under cyclic heat stress. Journal of 
animal physiology and animal nutrition 97 Suppl 1: 68-73. 
 
3. Atalay, M. et al. 2009. Heat shock proteins in diabetes and wound healing. Current 
protein & peptide science 10: 85-95. 
 
4. Barry, M. K., J. D. Aloisi, S. P. Pickering, and C. J. Yeo. 1994. Nitric oxide modulates 
water and electrolyte transport in the ileum. Annals of surgery 219: 382-388. 
 
5. Basuroy, S. et al. 2003. Expression of Kinase-inactive c-Src Delays Oxidative Stress-
induced Disassembly and Accelerates Calcium-mediated Reassembly of Tight 
Junctions in the Caco-2 Cell Monolayer. J Biol Chem 278: 11916-11924. 
 
6. Baumgard, L. H., and R. P. Rhoads. 2011. Effects of environment on metabolism. In: 
R. J. Collier (ed.) Environmental Physiology. John Wiley and Sons, Inc. 
 
7. Bouchama, A., R. S. Parhar, A. el-Yazigi, K. Sheth, and S. al-Sedairy. 1991. 
Endotoxemia and release of tumor necrosis factor and interleukin 1 alpha in acute 
heatstroke. Journal of applied physiology (Bethesda, Md. : 1985) 70: 2640-2644. 
 
8. Brestensky, M., J. Heger, S. Nitrayova, and P. Patras. 2012. Total tract digestibility of 
nitrogen in pigs exposed to high environmental temperatures. J Anim Sci 90 
Suppl 4: 101-103. 
 
214 
 
 
9. Chang, M., T. Alsaigh, E. B. Kistler, and G. W. Schmid-Schönbein. 2012. Breakdown 
of Mucin as Barrier to Digestive Enzymes in the Ischemic Rat Small Intestine. 
PLoS ONE 7: e40087. 
 
10. Chokshi, N. K. et al. 2008. The role of nitric oxide in intestinal epithelial injury and 
restitution in neonatal necrotizing enterocolitis. Seminars in perinatology 32: 92-
99. 
 
11. Collin, A., J. van Milgen, and J. Le Dividich. 2001. Modeling the effect of high, 
constant temperature on food intake in young growing pigs. J Anim Sci 72: 519-
527. 
 
12. Corfield, A. P. 2014. Mucins: A biologically relevant glycan barrier in mucosal 
protection. Biochimica et biophysica acta. 
 
13. Corl, B. A. et al. 2008. Arginine activates intestinal p70(S6k) and protein synthesis in 
piglet rotavirus enteritis. The Journal of nutrition 138: 24-29. 
 
14. Dokladny, K., P. L. Moseley, and T. Y. Ma. 2006. Physiologically relevant increase 
in temperature causes an increase in intestinal epithelial tight junction 
permeability. Am. J. Physiol. Gastrointest. Liver Physiol. 290: G204-G212. 
 
15. Dokladny, K., D. Ye, J. C. Kennedy, P. L. Moseley, and T. Y. Ma. 2008. Cellular and 
molecular mechanisms of heat stress-induced up-regulation of occludin protein 
expression: regulatory role of heat shock factor-1. Am. J. Pathol. 172: 659-670. 
 
16. EPA. 2014. http://www.epa.gov/climatechange. Accessed 05/20/2014.  
 
17. Garriga, C. et al. 2006. Heat stress increases apical glucose transport in the chicken 
jejunum. Am. J. Physiol. Regul. Integr. Comp. Physiol. 290: R195-R201. 
 
18. Glover, C. N., N. R. Bury, and C. Hogstrand. 2003. Zinc uptake across the apical 
membrane of freshwater rainbow trout intestine is mediated by high affinity, low 
affinity, and histidine-facilitated pathways. Biochimica et Biophysica Acta, 
Biomembranes 1614: 211-219. 
 
19. Golding, G. 2002. Zinc: a mini review. Journal of the Australian Traditional Medicine 
Society 8: 65-68. 
 
20. Hall, D. M. et al. 2001. Mechanisms of circulatory and intestinal barrier dysfunction 
during whole body hyperthermia. Am. J. Physiol. Heart Circ. Physiol. 280: H509-
H521. 
 
21. Hill, G. M. et al. 2000. Growth promotion effects and plasma changes from feeding 
high dietary concentrations of zinc and copper to weanling pigs (regional study). J 
Anim Sci 78: 1010-1016. 
215 
 
 
 
22. Hill, G. M. et al. 2001. Effect of pharmacological concentrations of zinc oxide with or 
without the inclusion of an antibacterial agent on nursery pig performance. J 
Anim Sci 79: 934-941. 
 
23. Huang, S. X., M. McFall, A. C. Cegielski, and R. N. Kirkwood. 1999. Effect of 
dietary zinc supplementation on Escherichia coli septicemia in weaned pigs. 
Swine Health and Production 7: 109-111. 
 
24. Kettunen, H., S. Peuranen, and K. Tiihonen. 2001a. Betaine aids in the 
osmoregulation of duodenal epithelium of broiler chicks, and affects the 
movement of water across the small intestinal epithelium in vitro. Comparative 
biochemistry and physiology. Part A, Molecular & integrative physiology 129: 
595-603. 
 
25. Kettunen, H., K. Tiihonen, S. Peuranen, M. T. Saarinen, and J. C. Remus. 2001b. 
Dietary betaine accumulates in the liver and intestinal tissue and stabilizes the 
intestinal epithelial structure in healthy and coccidia-infected broiler chicks. 
Comparative biochemistry and physiology. Part A, Molecular & integrative 
physiology 130: 759-769. 
 
26. Kubes, P. 1992. Nitric oxide modulates epithelial permeability in the feline small 
intestine. The American journal of physiology 262: G1138-1142. 
 
27. Lambert, G. P. 2009. Stress-induced gastrointestinal barrier dysfunction and its 
inflammatory effects. J. Anim. Sci. 87: E101-E108. 
 
28. Leon, L. R., M. D. Blaha, and D. A. DuBose. 2006. Time course of cytokine, 
corticosterone, and tissue injury responses in mice during heat strain recovery. 
Journal of applied physiology (Bethesda, Md. : 1985) 100: 1400-1409. 
 
29. Li, B. T. et al. 2001. Small intestinal morphology and bacterial populations in ileal 
digesta and feces of newly weaned pigs receiving a high dietary level of zinc 
oxide. Can J Anim Sci 81: 511-516. 
 
30. Lim, C. L., G. Wilson, L. Brown, J. S. Coombes, and L. T. Mackinnon. 2007. Pre-
existing inflammatory state compromises heat tolerance in rats exposed to heat 
stress. Am. J. Physiol. Regul. Integr. Comp. Physiol. 292: R186-R194. 
 
32. Marder, J., U. Eylath, E. Moskovitz, and R. Sharir. 1990. The effect of heat exposure 
on blood chemistry of the hyperthermic rabbit. Comparative biochemistry and 
physiology. A, Comparative physiology 97: 245-247. 
 
33. Marple, D. N., D. J. Jones, C. W. Alliston, and J. C. Forrest. 1974. Physiological and 
endocrinological changes in response to terminal heat stress in swine. J Anim Sci 
39: 79-82. 
216 
 
 
 
34. Mitev, S., S. Dinevska-Kovkarovska, B. Miova. 2005. Effect of the acclimation to 
high environmental temperature on the activity of hepatic glycogen phosphorylase 
(a + b, and a), liver glycogen content and blood glucose level in rat. . J. Therm. 
Biol. 30: 563-568. 
 
35. Musch, M. W., M. M. Walsh-Reitz, and E. B. Chang. 2006. Roles of ZO-1, occludin, 
and actin in oxidant-induced barrier disruption. Am J Physiol  Gastrointest Liver 
Physiol 290: G222-G231. 
 
36. O'Brien, M. D., R.P. Rhoads, S.R. Sanders, G.C. Duff, and L. H. Baumgard. 2010. 
Metabolic adaptations to heat stress in growing cattle. Domest. Anim. Endocrinol. 
38: 86-94. 
 
37. O'Neill, L. A., and D. G. Hardie. 2013. Metabolism of inflammation limited by 
AMPK and pseudo-starvation. Nature 493: 346-355. 
 
38. Pearce, S. C. et al. 2013a. The effects of heat stress and plane of nutrition on 
metabolism in growing pigs. J Anim Sci 91: 2108-2118. 
 
39. Pearce, S. C. et al. 2013b. Heat stress and reduced plane of nutrition decreases 
intestinal integrity and function in pigs. J Anim Sci 91: 5183-5193. 
 
40. Qi, H. et al. 2011. Involvement of HIF-1α in MLCK-dependent endothelial barrier 
dysfunction in hypoxia. Cell Physiol. Biochem. 27: 251-262. 
 
41. Rahimi, G. 2005. Effect of heat shock at early growth phase on glucose and calcium 
regulating axis in broiler chickens. Int. J. Poult. Sci 4: 790-794. 
 
42. Raleigh, D. R. et al. 2011. Occludin S408 phosphorylation regulates tight junction 
protein interactions and barrier function. J Cell Biol 193: 565-582. 
 
43. Ramirez, P. et al. 2009. Bacterial translocation in heat stroke. Am J Emerg Med 27: 
1168 e1161-1162. 
 
44. Renaudeau, D., G. Frances, S. Dubois, H. Gilbert, and J. Noblet. 2013. Effect of 
thermal heat stress on energy utilization in two lines of pigs divergently selected 
for residual feed intake. J Anim Sci 91: 1162-1175. 
 
45. Rhoads, J. M. et al. 2007. Intestinal ribosomal p70(S6K) signaling is increased in 
piglet rotavirus enteritis. Am J Physiol Gastrointest Liver Physiol 292: G913-922. 
 
46. Rhoads, J. M., X. Niu, J. Odle, and L. M. Graves. 2006. Role of mTOR signaling in 
intestinal cell migration. Am J Physiol Gastrointest Liver Physiol 291: G510-517. 
 
217 
 
 
47. Rhoads, R. P., L. H. Baumgard, J. K. Suagee, and S. R. Sanders. 2013. Nutritional 
interventions to alleviate the negative consequences of heat stress. Advances in 
nutrition (Bethesda, Md.) 4: 267-276. 
 
48. Sandouk, T., D. Reda, and C. Hofmann. 1993. The antidiabetic agent pioglitazone 
increases expression of glucose transporters in 3T3-F442A cells by increasing 
messenger ribonucleic acid transcript stability. Endocrinology 133: 352-359. 
 
49. Sanz Fernandez, M. V. et al. 2013. Effects of supplemental zinc amino acid complex 
on gut integrity in heat-stressed growing pigs. Animal : an international journal of 
animal bioscience: 1-8. 
 
50. Seppet, E. et al. 2009. Mitochondria and energetic depression in cell pathophysiology. 
International journal of molecular sciences 10: 2252-2303. 
 
51. Song, R., D. N. Foster, and G. C. Shurson. 2011. Effects of feeding diets containing 
bacitracin methylene disalicylate to heat-stressed finishing pigs. J Anim Sci 89: 
1830-1843. 
 
52. St-Pierre, N. R., B. Cobanov, and G. Schnitkey. 2003. Economic losses from heat 
stress by US livestock industries. J. Dairy Sci. 86: E52-E77. 
 
53. Su, Y., J. Yang, and G. E. Besner. 2013. HB-EGF promotes intestinal restitution by 
affecting integrin-extracellular matrix interactions and intercellular adhesions. 
Growth factors (Chur, Switzerland) 31: 39-55. 
 
54. Swaid, F. et al. 2013. Dietary glutamine supplementation prevents mucosal injury and 
modulates intestinal epithelial restitution following acetic acid induced intestinal 
injury in rats. Nutrition & metabolism 10: 53. 
 
55. Takkar, P. N. 2011. Zinc in human and animal health. Indian Journal of Fertilisers 7: 
46-66. 
 
56. Taniguchi, Y. et al. 2006. Pioglitazone but not glibenclamide improves cardiac 
expression of heat shock protein 72 and tolerance against ischemia/reperfusion 
injury in the heredity insulin-resistant rat. Diabetes 55: 2371-2378. 
 
57. Toghyani, M., M. Toghyani, M. Shivazad, A. Gheisari, and R. Bahadoran. 2012. 
Chromium supplementation can alleviate the negative effects of heat stress on 
growth performance, carcass traits, and meat lipid oxidation of broiler chicks 
without any adverse impacts on blood constituents. Biological trace element 
research 146: 171-180. 
 
58. Turner, J. R. 2006. Molecular basis of epithelial barrier regulation: from basic 
mechanisms to clinical application. The American journal of pathology 169: 
1901-1909. 
218 
 
 
 
59. Turner, J. R. 2009. Intestinal mucosal barrier function in health and disease. Nature 
reviews. Immunology 9: 799-809. 
 
60. Varghese, G. M., G. John, K. Thomas, O. C. Abraham, and D. Mathai. 2005. 
Predictors of multi-organ dysfunction in heatstroke. Emergency medicine journal 
: EMJ 22: 185-187. 
 
61. Wang, W. W., S. Y. Qiao, and D. F. Li. 2009. Amino acids and gut function. Amino 
acids 37: 105-110. 
 
62. Webel, D. M., B. N. Finck, D. H. Baker, and R. W. Johnson. 1997. Time course of 
increased plasma cytokines, cortisol, and urea nitrogen in pigs following 
intraperitoneal injection of lipopolysaccharide. J Anim Sci 75: 1514-1520. 
 
63. Wheelock, J. B., R.P. Rhoads, M.J. Vanbaale, S.R. Sanders, and L. H. Baumgard. 
2010. Effects of heat stress on energetic metabolism in lactating Holstein cows. J. 
Dairy. Sci. 93: 644-655. 
 
64. Wright, E. M., and D. D. Loo. 2000. Coupling between Na+, sugar, and water 
transport across the intestine. Ann N Y Acad Sci 915: 54-66. 
 
65. Yan, Y., Y. Zhao, H. Wang, and M. Fan. 2006. Pathophysiological factors underlying 
heatstroke. Med. Hypotheses. 67: 609-617. 
 
66. Yang, P. C., S. H. He, and P. Y. Zheng. 2007. Investigation into the signal 
transduction pathway via which heat stress impairs intestinal epithelial barrier 
function. J. Gastroenterol. Heptaol. 22: 1823-1831. 
 
67. Yu, J. et al. 2010. Effect of heat stress on the porcine small intestine: a morphological 
and gene expression study. Comp. Biochem. Physiol. 156: 119-128. 
 
68. Yu, L. C. et al. 2008. SGLT-1-mediated glucose uptake protects human intestinal 
epithelial cells against Giardia duodenalis-induced apoptosis. International journal 
for parasitology 38: 923-934. 
 
69. Yu, L. C., J. R. Turner, and A. G. Buret. 2006. LPS/CD14 activation triggers SGLT-
1-mediated glucose uptake and cell rescue in intestinal epithelial cells via early 
apoptotic signals upstream of caspase-3. Experimental cell research 312: 3276-
3286. 
 
70. Zhang, Q., Q. Li, C. Wang, N. Li, and J. Li. 2010. Redistribution of Tight Junction 
Proteins During EPEC Infection In Vivo. Inflammation. 
 
  
219 
 
 
 
 
 
 
Figure 6.1.  Summarization of temporal changes in a growing pigs physiology in 
response to heat stress. A) Rectal temperature (RT), respiration rate (RR), feed intake 
(FI), and body weight (BW). B) Tissue hypoxia-inducible factor 1-α (HIF 1-α), heat 
shock protein 70 (HSP 70), serum cytokines, serum endotoxin, and plasma LPS-binding 
protein (LBP).  C) Chnages in blood glucose, blood insulin, plasma urea nitrogen (PUN), 
and non-esterified fatty acids (NEFA) first 24 hours of heat stress.    
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Table 6.1.  Categorization and general function information   
Metabolism Up/Down General Function 
Isocitrate Dehydrogenase [NADP], 
mitochondrial 
Down TCA (Krebs) Cycle  
Chain A, Fructose 1,6-Bisphosphate Aldolase Down Glycolysis 
Glyceraldehyde-3-phosphate dehydrogenase 
(phoshorylating) 
Down Converts GADP to 1,3 BPG in 
Glycolysis 
Alpha-enolase Down Glycolysis, hypoxia tolerance, 
growth 
   
Stress Response  General Function 
Endoplasmin precursor (Heat shock protein 
90 kDa β-member 1) 
Up Chaperone, protein folding, 
ATPase 
Heat shock protein β-1 (Heat Shock Protein 
27) 
Up Stress resistance, actin 
organization, inducible 
Heat shock protein HSP 90-α Up Molecular chaperone, ATPase 
Stress-induced-phosphoprotein 1 
(Hsc70/Hsp90-organizing protein) 
Up Mediates association of 
molecular chaperones HSC70 
and HSP90 
Heat shock 70kDa protein 8 (2 spots) Up Chaperone, protein folding, 
ATPase 
Heat shock protein 65 Up Immunodominant antigen, 
immune response 
   
Oxidative Stress/Immune System  General Function 
Peroxiredoxin-1 Down Antioxidant, reduces ROS 
Peptidyl-prolyl cis-trans isomerase A 
(Cyclophilin A) (2 spots) 
Down Accelerates protein folding, 
immunosuppression 
Prolyl 4-hydroxylase beta polypeptide Down Prolyl hydroxylation of HIF 
and preprocollagen 
Proteasome activator PA28 alpha subunit 
(PSME1) 
Down Proteasome, 
immunoproteasome 
Proteasome activator complex subunit 2 Down  
Immunoglobulin γ-chain  Up Antibody 
   
Cell Structure/Signal Transduction  General Function 
Vimentin-like Up Intermediate filament, cell 
structure 
Rho GDP-dissociation inhibitor 1 (GDIR-1) Down Rho protein homeostasis, cell 
motility 
Neurofibromin (NF-1)  Negative regulator of Ras 
pathway 
Cofilin-1 Down Actin-modulating protein, 
depolymerizes actin 
Calponin-1 Down Calcium binding, inhibits 
ATPase activity of myosin 
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